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Introduction 


Disregulation  of  the  cell  cycle  is  one  of  the  hallmarks  of  cancer  progression  (13). 
Since  the  cdk  inhibitor  p27  plays  such  a  vital  role  in  regulating  the  cell  cycle  (11,12),  it  is 
not  surprising  that  loss  of  p27  protein  correlates  with  advanced  cancer  status  and  poor 
patient  prognosis  in  many  cancers,  including  breast  cancer  (3,9,13,15).  To  date,  no 
mutations  or  deletions  of  the  p27  gene  have  been  reported,  thus  this  loss  of  p27  protein  is 
mediated  by  alterations  in  the  expression  of  the  native  p27  gene.  Research  has  suggested 
that  loss  of  p27  is  independent  of  both  p27  transcription  and  p27  protein  synthesis,  but 
relies  on  accelerated  p27  proteolysis  (2,10,16,17).  Much  work  has  been  done  attempting 
to  unfold  the  mysteries  that  underlie  this  disproportionate  p27  degradation.  New 
discoveries  are  continuing  to  expand  the  current  theories  and  potentially  pinpoint  the 
precise  alterations  in  p27  expression  responsible  for  the  loss  of  protein  and  the  resultant 
breast  cancer  progression.  We,  and  others,  have  recently  reported  a  novel  pathway  of 
p27  degradation  that  occurs  in  Gl,  is  independent  of  phosphorylation  of  p27  on  threonine 
187  (T187)  by  cdk  2  and  occurs  in  the  cytoplasm  (5).  This  pathway  depends  on  the 
phosphorylation  of  p27  on  serine  10  (S10)  and  the  subsequent  export  of  p27  out  of  the 
nucleus  into  the  cytoplasm  (5,7).  It  also  appears  that  dephosphorylation  of  S10  by  an  as 
yet  unidentified  phosphatase  is  necessary  for  the  degradation  of  p27  within  the 
cytoplasm.  Acceleration  of  this  nuclear  export-dependent  mechanism  of  p27  proteolysis 
would  result  in  a  reduction  in  cellular  p27  levels  during  Gl,  would  promote  the  transition 
into  S-phase  and  subsequently  activate  cyclin  E/cdk  2-mediated  p27  degradation.  Thus, 
it  appears  that  although  this  export-dependent  degradation  only  accounts  for  a  minor 
portion  of  the  total  p27  proteolysis,  it  is  very  important  in  activating  the  established 
cyclin  E/cdk  2-dependent  degradation  mechanisms. 

Body 

Following  the  submission,  acceptance  and  instatement  of  my  post-doctoral 
traineeship,  certain  factors  resulted  in  alterations  to  the  approved  statement  of  work.  At 
the  Cold  Spring  Harbor  Cell  Cycle  Meeting  in  April  2002,  two  groups  presented  work 
outlining  their  discovery  of  the  E3  ubiquitin  ligase  responsible  for  p27  degradation  in  the 
cytoplasm  in  Gl.  Also,  my  mentor  Dr.  Joyce  Slingerland  accepted  a  position  as  the 
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director  of  the  Sylvester  Cancer  Center  at  the  University  of  Miami,  which  was  effective 
August  15,  2002.  As  such  I  have  been  forced  to  drastically  alter  my  statement  of  work. 
In  addition,  I  have  begun  working  in  the  lab  of  a  new  mentor  Dr.  Arun  Seth  here  at 
Sunnybrook  &  Women’s  College  Health  Sciences  Centre  as  of  September,  2002.  I  will 
not  present  any  of  the  results  that  I  have  obtained  in  Dr.  Seth’s  lab.  I  feel  it  would 
confuse  the  issue  and  detract  from  the  data  obtained  that  is  relevant  to  my  original 
statement  of  work.  Thus,  my  original  statement  of  work  has  been  altered  in  the  following 
ways.  I  have  decided  to  forgo  Aim  2  as  I  am  at  a  decided  competitive  disadvantage  based 
on  the  results  presented  at  the  last  Cold  Spring  Harbor  Cell  Cycle  meeting.  Thus,  I  have 
decided  to  combine  aims  1  and  3  and  pursue  the  role  of  the  MAP  kinase  pathway  in 
mediating  p27  degradation.  I  have  been  given  permission  to  change  mentors  and  will 
submit  an  updated  statement  of  work  to  reflect  this  change. 

It  has  been  published  that  p27  levels  are  reduced  in  response  to  activation  of  the 
MAP  kinase  pathway  (6,18).  However,  as  with  other  aspects  of  p27  function,  there 
appears  to  be  a  question  as  to  whether  this  is  the  case  in  all  cell  types  (4).  I  have  chosen 
to  use  malignant  MCF-7  human  mammary  epithelial  cells  to  study  the  potential  role  of 
MAP  kinase  on  p27  degradation  in  a  breast  cancer  environment.  Studies  using  mouse 
fibroblasts  (NIH  3T3)  showed  no  reduction  in  p27  after  increased  MAP  kinase  activation, 
which  contradicts  observations  in  other  cell  types  (4).  We  have  also  observed  differences 
in  p27  regulation  in  MCF-7  cells  compared  to  published  results  in  NIH  3T3  cells, 
specifically  with  regard  to  the  stability  of  S10A  mutant  p27  (5,7).  We  feel  this  is  a  result 
of  an  inherent  way  that  p27  is  regulated  in  mouse  cells  versus  human  mammary  epithelial 
cells.  There  is  precedence  for  this,  as  mouse  p27  lacks  threonine  157  (T157),  which  is  an 
important  site  for  the  regulation  of  p27  in  human  cells.  We  initially  attempted  to  generate 
MCF-7  cells  that  inducibly  express  MEKee,  a  constitutively  active  MEK.  After 
characterizing  approximately  35  clones  we  were  unsuccessful  in  obtaining  any  inducible 
MEKee  clones.  Thus  we  decided  to  use  transient  transfections  of  the  MEKee  expression 
vectors  to  activate  the  MAP  kinase  pathway.  Using  1  pg  of  DNA  I  was  able  to 
dramatically  increase  the  levels  of  MEK,  resulting  in  an  increased  phosphorylation  of 
MAPK  (Fig.  1A).  Upon  expression  of  MEKee  the  levels  of  p27  are  reduced  to  barely 
detectable  levels.  In  addition,  activation  of  the  MAP  kinase  pathway  altered  moved  p27 
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into  cyclin  D1  -bound  complexes,  as  shown  by  immunoprecipitation  of  p27  from 
asynchronously  growing  cells  in  the  presence  or  absence  of  MEKee  (Fig.  1  B). 
Furthermore,  this  reduction  in  p27  levels  is  a  result  of  an  increased  degradation  of  p27 
following  transfection  of  MEKee  (Fig.  1C).  Cells  were  labeled  with  35S-methionine  for 
30  minutes  and  harvested  from  1-8  hours  after  removal  of  the  35S.  The  half-life  of  p27  in 
the  absence  of  MEKee  is  between  4  and  8  hours  while  the  p27  half-life  drops  to  between 
0  and  2  hours  in  the  presence  of  MEKee.  In  agreement  with  this,  treatment  of  cells  with 
U0126,  a  MEK  inhibitor,  increased  p27  half-life.  (Fig.  ID).  Induction  of  WT  p27  for  24 
hours  with  2  pM  muristerone  A  resulted  in  an  increase  in  p27  levels.  Muristerone  A  was 
removed  form  the  culture  media  (t=0)  and  the  decline  in  p27  protein  levels  was 
monitored  up  to  24  hours  after  the  removal  of  muristerone  A.  In  the  absence  of  U0126 
p27  half-life  was  between  4-8  hours,  while  inhibition  of  MEK  with  U0126  prolonged  p27 
half-life  to  between  16-24  hours.  Together  these  data  point  to  a  role  for  the  MAP  kinase 
pathway  in  p27  degradation. 

We  then  wished  to  determine  whether  the  MAP  kinase  pathway  played  a  role  in 
the  nuclear  export  of  p27.  Cells  were  transiently  transfected  with  MEKee  and  separated 
into  nuclear  and  cytoplasmic  fractions.  Immunoblots  of  these  lysates  suggested  an 
accumulation  of  p27  in  the  cytoplasm  in  the  presence  of  MEKee  (Fig.  2A).  We  also 
noticed  the  appearance  of  the  22  kDa  previously  reported  by  Ishida  et  al.  in  MEKee 
treated  cells  (7),  although  the  significance  of  this  remains  unclear  at  this  point.  To 
determine  whether  this  cytoplasmic  accumulation  of  p27  was  a  result  of  a  MAP  kinase- 
induced  increase  in  p27  nuclear  export,  we  conducted  nuclear  export  assays  as  previously 
described  (5)  either  in  the  presence  or  absence  of  MEKee  (Fig.  2B).  These  assays 
revealed  that  MEKee  transfection  increased  p27  nuclear  export,  with  maximum  export 
being  achieved  within  5  minutes  in  MEKee  transfected  cells,  while  non-transfected  cells 
reached  maximum  export  at  approximately  15  minutes.  In  agreement  with  our  previous 
findings,  p27  export  is  independent  of  cdk  2  activation  (Fig.  2C).  Treatment  of  cells  with 
the  cdk  2  inhibitor  roscovitine  did  not  prevent  the  accumulation  of  p27  in  the  cytoplasm 
and  it  is  unlikely  that  the  MEKEE-induced  phenomenon  in  Fig.  2B  is  also  independent  of 
cdk  2  activity. 
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It  has  been  established  that  phosphorylation  of  p27  at  S10  is  an  important 
mediator  of  p27  proteolysis.  However,  we  see  the  opposite  effect  of  S10  phosphorylation 
on  p27  stability  compared  to  that  reported  in  NIH  3T3  fibroblasts  (7).  While  others 
report  a  reduction  in  p27  stability  by  mutation  of  S10  to  alanine  (S10A)  to  prevent 
phosphorylation  at  that  site,  we  show  that  S10A  p27  protein  is  more  stable  in  MCF-7 
cells  (Fig.  3 A,  unpublished  observations).  When  WT  or  S10A  p27  is  induced  with 
muristerone  A,  WT  p27  protein  levels  return  to  those  of  uninduced  cells  (UI)  faster  than 
does  S10A  p27.  This  discrepancy  between  our  results  and  those  of  others  may  highlight 
a  difference  in  p27  regulation  in  mouse  and  human  cells.  We  also  show  by  2- 
dimensional  isoelectric  focusing  (2-D  IEF)  that  the  phosphorylation  patterns  of  WT  and 
S10A  p27  are  drastically  different  from  each  other.  Only  spots  2  and  6  are  common, 
while  spots  10-14  are  unique  to  S10A  p27.  We  know  that  S10A  p27  is  not  exported  to 
the  cytoplasm  (5)  and  it  may  be  this  difference  in  phosphorylation  that  accounts  for  the 
reduced  p27  export  and  the  alteration  in  S10A  p27  stability.  In  order  to  determine 
whether  the  MAP  kinase  pathway  can  alter  p27  phosphorylation  we  treated  cells 
expressing  WT  or  S10A  p27  with  U0126  and  subjected  the  lysates  to  2-D  IEF  (Fig.  4A 
and  B).  Surprisingly,  we  observed  little  effect  of  U0126  on  WT  p27,  showing  only  a 
subtle  shift  in  phosphopattern  (Fig  4A).  However,  when  we  examined  S10A  p27,  there 
was  a  loss  of  2  phosphospots  (Fig.  4B  arrows)  following  treatment  of  cells  expressing 
S10A  p27  with  U0126.  In  order  to  gain  a  clearer  picture  I  must  evaluate  the 
phosphorylation  of  both  WT  and  S10A  p27  using  2  dimensional  phosphopeptide  analysis. 
I  have  already  devloped  the  technique  for  another  protein  (RNF11,  Fig.  4C)  and  am 
currently  in  the  process  of  conducting  like  analyses  for  WT  and  S10A  p27. 
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Key  Research  Accomplishments 

1 .  Generation  and  characterization  of  cell  lines  that  inducibly  express  S10A,  T157A  and 
T187A  phosphomutant  p27  proteins 

2.  Establishment  of  the  MAP  kinase  pathway  as  an  important  regulator  of  p27 
phosphorylation. 

3.  Illustrating  the  role  of  the  MAP  kinase  pathway  in  regulating  p27  nuclear  export. 

4.  Establishing  the  importance  of  the  phosphorylation  of  p27  by  MAP  kinase  in 
regulating  the  recently  elucidated,  non-cyclin  E/cdk  2  dependent  degradation  of  p27 
protein. 

5.  Submission  and/or  publication  of  3  research  papers/manuscripts. 


Reportable  Outcomes 


1.  Connor,  M.K.,  Kotchetkov,  R.,  Cariou,  S.,  Beniston,  R.G.,  Resch,  A.,  Limetti,  R., 
Melchior,  F.,  Hengst  L.  and  Joyce  M.  Slingerland.  Nuclear  export  of  p27Kipl  is 
CRMl/Ran-mediated  and  involves  a  nuclear  export  signal  and  SerlO  phosphorylation. 
Mol.  Biol.  Cell  14, 201-213,  2003.  See  Appendix  1. 

2.  Liang,  J.,  Zubovitz,  J.,  Petrocelli,  T.,  Kotchetkov,  R.,  Connor,  M.K.,  Elan,  K.,  Lee, 
J.-EL,  Ciarallo,  S.,  Catzavelos,  C.,  Beniston,  R.,  Franssen,  E.  and  J.M.  Slingerland. 
PKB/AKT  phosphorylates  p27,  impairs  nuclear  import  of  p27  and  opposes  p27- 
mediated  G1  arrest.  Nat.  Med.  8, 1153-1160,  2002.  See  appendix  1. 

3.  Sandhu,  C.,  Connor,  M.K.,  Kislinger,  T.,  Slingerland,  J.M.  and  A.  Emili.  Cell  cycle 
dependent  proteome  expression  in  breast  cancer  cells.  Submitted  to  J.  Biol.  Chem. 
June  2,  2003. 

4.  Applied  for  Cell  Biologist  Assisstant  Professor  position  at  University  of  Toronto  at 
Scarborough,  Department  of  Life  Sciences  May  2002. 

5.  Applied  for  Human  Biology  Assisstant  Professor  position  at  University  of  Toronto  at 
Scarborough,  Department  of  Life  Sciences  May  2002. 

6.  Applied  for  Cell  Biologist  Assisstant  Professor  position  at  University  of  Toronto  at 
Scarborough,  Department  of  Life  Sciences  Nov  2002. 
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7.  Applied  for  Cell  Physiology  Assistant  Professor  position  at  York  University, 
Department  of  Kinesiology  and  Health  Sciences,  Jan.  2003.  Defeated  by  a  vote  of  3- 
2  by  search  committee. 

8.  Applied  for  Director  of  the  Core  Molecular  Facility  at  Sunnybrook  &  Women’s 
College  Health  Sciences  Centre,  April,  2003.  Core  facility  will  conduct  research  on 
many  aspects  of  multiple  cancers,  including  breast  cancer. 

Conclusions 

From  the  data  contained  within  this  report  we  can  see  a  clear  role  for  the  MAP 
kinase  pathway  in  p27  degradation.  It  appears  that  phosphorylation  of  p27,  mediated  by 
MAP  kinase,  results  in  an  accelerated  nuclear  export  of  p27  and  an  increase  in  p27 
proteolysis.  It  is  known  that  activation  of  the  RAS  pathway,  which  includes  MAP  kinase, 
can  lead  to  a  more  aggressive  cancer  phenotype  (1).  It  remains  unclear  as  to  whether 
MAP  kinase  phosphorylates  p27  directly  or  whether  these  effects  on  p27  are  just  a 
secondary  result  of  MAP  kinase  activation.  Generation  of  a  2-dimensional 
phosphopeptide  map  of  p27  should  allow  for  a  better  determination  of  the  nature  of  these 
MAP  kinase  effects.  Regardless,  the  data  at  present  are  almost  complete  enough  to 
propose  a  mechanism  of  MAP  kinase  effects  on  p27  degradation.  I  forsee  these  results 
being  ready  for  submission  for  publication  in  the  near  future  and  these  findings  will 
hopefully  help  to  forge  a  new  pathway  for  therapeutic  discovery. 
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Figure  Legends 


Fig.l .  (A)  MCF-7  cells  were  transiently  transfected  with  a  constitutively  active  MEKee 
expression  vector  (+).  Lysates  were  immunoblotted  for  MEK,  phosphorylated  MAP 
kinase  (MAPK-P)  and  p27.  (B)  p27  was  immunoprecipitated  from  the  lysates  in  A  and 
probed  for  associated  cyclin  D1 .  (C)  Cells  were  labeled  with  35S-methionine  and  p27 
was  immunopreciptated  at  various  times  following  chase  with  100X  excess  of  cold 
methionine.  (D)  WT  p27  was  induced  by  treatment  of  cells  with  2  pM  muristerone  A 
(murA)  for  24  hrs  (0).  Cells  were  washed  and  cells  were  harvested  at  various  times 
following  this  wash.  Lysates  were  immunoblotted  for  p27. 

Fig.2.  (A)  Cells  were  transfected  with  MEKEE  and  separated  into  nuclear  (N)  and 
cytoplasmic  (C)  fractions.  Lysates  were  immunoblotted  for  p27.  (B)  Digitonin- 
permeabilized  nuclei  from  cells  with  (+)  or  without  (-)  transfected  MEKEE  were  incubated 
with  cytosolic  proteins  from  5-15  mins.  Reactions  were  centrifuged  and  nuclear  (N)  and 
supernatant  (S)  fractions  were  probed  with  p27  antibodies.  Nuclear  export  was  indicated 
by  movement  from  p27  from  N  to  S  fractions.  (C)  Asynchronously  growing  MCF-7  cells 
were  separated  into  N  and  C  in  the  presence  or  absence  of  the  proteasome  inhibitor 
MG  132  and/or  the  cdk  2  inhibitor  roscovitine. 

Fig. 3.  (A)  WT  or  S10A  p27  was  induced  in  cells  for  24  hrs  (0)  by  treatment  with 
(murA).  The  murA  was  removed  and  lysates  collected  for  up  to  24  hrs.  Lysates  were 
immunoblotted  for  p27.  (B)  p27  proteins  from  A  were  resolved  into  distinct 
phosphoforms  by  2-dimensional  isoelectric  focusing  (2-D  IEF)  and  probed  for  p27. 

Fig.4.  (A)  WT  p27  was  induced  witrh  murA  in  the  presence  (+)  or  absence  (-)  of  the 
MEK  inhibitor  U0126  and  subjected  to  2-D  IEF.  (B)  S10A  p27  was  induced  with  murA 
in  the  presence  (+)  or  absence  (-)  of  the  MEK  inhibitor  U0126  and  subjected  to  2-D  IEF. 
(C)  WM239  malignant  melanoma  cells  were  transfected  with  FLAG-tagged  RNF1 1 .  32P 
labeled  FLAG  immunoprcipitates  were  digested  with  trypsin  and  subjected  to  separation 
by  charge  (x-direction)  and  thin-layer  chromatography  (y-direction). 
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We  show  that  p27  localization  is  cell  cycle  regulated  and  we  suggest  that  active  CRMl/RanGTP- 
mediated  nuclear  export  of  p27  may  be  linked  to  cytoplasmic  p27  proteolysis  in  early  Gl.  p27  is 
nuclear  in  GO  and  early  Gl  and  appears  transiently  in  the  cytoplasm  at  the  Gl/S  transition. 
Association  of  p27  with  the  exportin  CRM1  was  minimal  in  GO  and  increased  markedly  during 
Gl-to-S  phase  progression.  Proteasome  inhibition  in  mid-Gl  did  not  impair  nuclear  import  of  p27, 
but  led  to  accumulation  of  p27  in  the  cytoplasm,  suggesting  that  export  precedes  degradation  for 
at  least  part  of  the  cellular  p27  pool.  p27-CRMl  binding  and  nuclear  export  were  inhibited  by 
S10A  mutation  but  not  by  T187A  mutation.  A  putative  nuclear  export  sequence  in  p27  is  identified 
whose  mutation  reduced  p27-CRMl  interaction,  nuclear  export,  and  p27  degradation.  Leptomycin 
B  (LMB)  did  not  inhibit  p27-CRMl  binding,  nor  did  it  prevent  p27  export  in  vitro  or  in 
heterokaryon  assays.  Prebinding  of  CRM1  to  the  HIV-1  Rev  nuclear  export  sequence  did  not 
inhibit  p27-CRMl  interaction,  suggesting  that  p27  binds  CRM1  at  a  non-LMB-sensitive  motif. 
LMB  increased  total  cellular  p27  and  may  do  so  indirectly,  through  effects  on  other  p27  regulatory 
proteins.  These  data  suggest  a  model  in  which  p27  undergoes  active,  CRMl-dependent  nuclear 
export  and  cytoplasmic  degradation  in  early  Gl.  This  would  permit  the  incremental  activation  of 
cyclin  E-Cdk2  leading  to  cyclin  E-Cdk2-mediated  T187  phosphorylation  and  p27  proteolysis  in 
late  Gl  and  S  phase. 


INTRODUCTION 

The  Cdk  inhibitor  p27  is  an  important  regulator  of  Gl  pro¬ 
gression.  It  is  highly  expressed  in  GO,  where  it  binds  tightly 
and  inhibits  cyclin  E-Cdk  2  (Hengst  et  al,  1994;  Polyak  et  al, 
1994;  Slingerland  et  al ,  1994).  In  mid-Gl,  p27  also  plays  a 
role  in  the  assembly  and  nuclear  import  of  D-type  cyclin- 
Cdk  complexes  (LaBaer  et  al.,  1997;  Cheng  et  al,  1999).  p27 
levels  are  regulated  by  translational  controls  and  by  prote- 
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olysis,  and  decrease  as  cells  progress  from  Gl  to  S  phase 
(Hengst  and  Reed,  1996;  Millard  et  al,  1997;  Slingerland  and 
Pagano,  2000).  The  ubiquitin-dependent  proteolysis  of  p27 
(Pagano  et  al,  1995)  is  regulated  by  its  phosphorylation  at 
threonine  187  (T187)  by  cyclin  E-Cdk  2  in  late  Gl  and  S 
phase  (Sheaff  et  al,  1997;  Vlach  et  al,  1997;  Montagnoli  et  al, 
1999).  T187  phosphorylation  allows  recognition  of  p27  by  its 
SCF-type  E3  ligase,  comprised  of  Skpl,  Cull,  and  the  F-box 
protein,  Skp2  and  Rod  and  the  Cksl  cofactor  (Carrano  et  al, 
1999;  Ohta  et  al,  1999;  Sutterluty  et  al,  1999;  Tsvetkov  et  al, 
1999;  Ganoth  et  al,  2001;  Spruck  et  al,  2001).  Recent  evidence 
suggests  that  p27  proteolysis  is  regulated  by  at  least  two 
distinct  mechanisms,  with  mitogenic  signaling  conditioning 
p27  for  degradation  in  early  Gl  in  a  manner  independent  of 
T187  phosphorylation  (Hara  et  al,  2001;  Malek  et  al,  2001), 
whereas  Skp2-dependent  cyclin  E-Cdk  2-mediated  degrada¬ 
tion  occurs  in  S  phase  after  T187  phosphorylation  (Malek  et 
al,  2001). 
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Although  p2 7  is  detected  in  the  nuclei  of  most  normal 
quiescent  cells  (Slingerland  and  Pagano,  2000),  the  relation¬ 
ship  between  its  intracellular  localization  and  proteolysis 
has  afforded  some  controversy.  Efficient  degradation  of 
mammalian  p27  and  of  its  Xenopus  homolog,  Xicl,  requires 
nuclear  import  to  allow  its  phosphorylation  by  cyclin  E- 
Cdk2  (Guan  et  al,  2000;  Swanson  et  al,  2000).  Interaction  of 
p27  with  the  nuclear  pore  protein,  Nup50/NPAP60  (Guan  et 
al,  2000;  Muller  et  al,  2000),  may  play  a  role  in  p27  import. 
A  nuclear  localization  signal  has  been  identified  and  import 
may  also  involve  the  binding  of  p27  by  other  import  medi¬ 
ators  (Reynisdottir  and  Massague,  1997;  Zeng  et  al,  2000). 
Nup50  antibodies  have  been  shown  to  block  nuclear  export 
but  not  import  (Guan  et  al,  2000),  thus  a  potential  role  for 
p27-Nup50  interaction  in  p27  export  cannot  be  excluded 
(Smitherman  et  al,  2000).  p27  can  interact  with  the  Jun 
activation  domain-binding  protein  1  (p38,abl).  Cotransfec¬ 
tion  of  p27  together  with  Jabl  led  to  accelerated  proteolysis 
of  p27.  The  observation  that  the  cytotoxin  leptomycin  B 
(LMB)  inhibited  Jabl-mediated  p27  proteolysis  suggested 
that  CRMl-dependent  nuclear  export  mechanisms  influence 
p27  degradation  (Tomoda  et  al,  1999)  and  provided  a  po¬ 
tential  link  between  p27  turnover  and  nuclear  export.  In 
contrast,  the  Xenopus  homolog  of  p27,  Xicl,  is  ubiquitinated 
in  the  nucleus  and  its  proteolysis  is  not  impaired  by  LMB 
(Swanson  et  al,  2000). 

The  nuclear  pore  has  an  estimated  mass  of  ^T25  MDa  and 
controls  nucleocytoplasmic  protein  exchange.  Although  the 
pore  diameter  permits  molecules  of  up  to  50  kDa  to  diffuse 
freely  across  the  nuclear  envelope,  the  localization  of  many 
small  proteins  is  actively  regulated  (Mattaj  and  Engimeier, 
1998;  Gorlich  and  Kutay,  1999).  Proteins  whose  function  is 
spatially  and  temporally  regulated,  such  as  cyclin  D1  (Alt  et 
al,  2001),  cyclin  B1  (Pines  and  Hunter,  1991,  1994;  Jin  et  al, 
1998;  Yang  et  al .,  1998),  IkB  (Huang  et  al.,  2000),  and  mitogen- 
activated  protein  kinase  (MAPK;  Adachi  et  al,  2000),  are 
actively  transported  between  the  nucleus  and  cytoplasm. 
This  process  involves  a  number  of  nucleocytoplasmic  shut¬ 
tling  proteins.  Two  proteins,  CRMl/exportin  1  (Fukuda  et 
al,  1997;  Fornerod  et  al,  1997;  Stade  et  al,  1997)  and  the  small 
ras  family  GTPase,  Ran  (Melchior  et  al,  1993;  Moore  and 
Blobel,  1993),  both  play  prominent  roles  in  the  regulation  of 
nuclear  protein  export.  Ran  is  abundant  and  exists  in  GDP- 
or  GTP-bound  forms  depending  on  its  cellular  location  (Mel¬ 
chior  and  Gerace,  1998;  Macara,  1999;  Azuma  and  Dasso, 
2000;  Sacer  and  Dasso,  2000).  Cytoplasmic  RanGDP  plays  a 
key  role  in  nuclear  import.  In  the  nucleus,  RanGDP  is  con¬ 
verted  to  RanGTP  by  the  guanine  nucleotide  exchange  factor 
RCC1,  and  becomes  competent  to  bind  export  cargo  before 
shuttling  back  to  the  cytoplasm  (Nigg,  1997;  Mattaj  and 
Engimeier,  1998;  Gorlich  and  Kutay,  1999).  The  exportin 
protein,  CRM1,  binds  export  cargo  proteins  and  RanGTP  in 
the  nucleus  to  form  an  export  complex  that  is  subsequently 
translocated  to  the  cytoplasm  (Fornerod  et  al,  1997;  Stade  et 
al,  1997;  Kehlenbach  et  al,  1998).  At  the  cytoplasmic  face,  the 
complex  is  dissociated  by  RanGAP,  in  combination  with 
either  RanBPl  or  RanBP2  (Nigg,  1997;  Mattaj  and  Engimeier, 
1998;  Gorlich  and  Kutay,  1999). 

In  the  present  study,  we  demonstrate  that  nuclear  export 
of  the  Cdk  inhibitor,  p27,  is  actively  regulated  by  CRM1/ 
RanGTP  binding.  Nuclear  export  of  p27  is  time,  tempera¬ 
ture,  and  energy  dependent.  Although  p27  binding  to  CRM1 


is  cell  cycle  regulated,  it  is  LMB  insensitive  and  LMB  has  no 
apparent  effect  on  CRMl-mediated  p27  nuclear  export  either 
in  vitro  or  in  vivo.  A  putative  nuclear  export  sequence  (NES) 
in  p27  is  identified.  Mutation  of  this  NES  reduced  nuclear 
export,  impaired  p27-CRMl  interactions,  and  increased  p27 
stability. 

MATERIALS  AND  METHODS 
Cell  Culture 

MCF-7  cells  were  grown  in  improved  modified  Eagle's  medium 
(IMEM)  supplemented  with  5%  (vol/vol)  fetal  bovine  serum  (FBS). 
Cells  were  synchronized  in  GO  by  estradiol  depletion  as  described 
by  Cariou  et  al.  (2000).  Cells  were  released  from  quiescence  by  the 
addition  of  10~8  M  170-estradiol  (Sigma,  St.  Louis,  MO). 

Plasmids  and  Transfections 

A  vector  encoding  wild-type  p27  fused  to  an  enhanced  yellow-green 
variant  of  the  Aequorea  victoria  green  fluorescent  protein  (YFPp27 
WT)  was  prepared  by  insertion  of  the  full-length  wild-type  human 
p27  cDNA  sequence  into  the  pEYFP-Cl  vector  (Clontech,  Palo  Alto, 
CA).  Double  L41A/L45A  mutations  were  introduced  into  the 
YFPp27  WT  vectors  using  a  Quickchange  site-directed  mutagenesis 
kit  (Stratagene,  La  Jolla,  CA)  to  generate  the  YFPp27NES  vector.  All 
p27  cDNA  constructs  were  sequenced  fully  to  ensure  the  absence  of 
cloning  artifacts.  Asynchronous  MCF-7  cells  were  transfected  with 
the  different  YFPp27  vectors  (10  jug)  using  lipofectamine  PLUS 
(GIBCO,  Grand  Island,  NY)  and  were  then  estradiol  deprived  for 
48  h.  Assays  of  YFPp27  nuclear  export  and  binding  to  CRM1  were 
carried  out  at  48  h  posttransfection.  Equal  transfection  efficiency 
was  verified  by  direct  visualization  of  p27  by  fluorescence  micros¬ 
copy.  For  the  heterokaryon  assays,  we  used  a  green  fluorescence 
protein  tagged  p53  construct  kindly  provided  by  G.  Wahl  (Stommel 
et  al,  1999). 

Indirect  Immunofluorescence  of  p27  and  BrdU 

MCF-7  cells  were  grown  on  glass  slides,  arrested  in  GO  by  estradiol 
depletion  (48  h),  and  then  induced  to  reenter  the  cell  cycle  by  the 
addition  of  10-8  M  170-estradiol.  Cells  were  also  labeled  with 
5-bromo-2-deoxy  uridine  (BrdU)  to  monitor  the  timing  of  S  phase 
entrance.  In  GO  and  at  intervals  after  estradiol  addition,  cells  were 
fixed  in  4%  paraformaldehyde  and  0.2%  Triton  X-100,  blocked  in  3% 
H202  and  10%  goat  serum,  and  then  incubated  with  a  mouse  mAb 
for  p27  (BD  Transduction  Laboratories,  Lexington,  KY)  and  a  rabbit 
polyclonal  anti-BrdU  antibody  (CalTag  Laboratories,  Burlingame, 
CA).  Fluorescein  (FITC)-conjugated  anti-mouse  and  Texas  red-con¬ 
jugated  anti-rabbit  secondary  antibodies  allowed  visualization  of 
p27  protein  and  BrdU  incorporation,  respectively.  Cells  were  visu¬ 
alized  by  confocal  fluorescence  microscopy  and  photographed. 

Detection  of  p27-CRMl  Complexes  in  Cell  Lysates 

At  indicated  times  after  GO  release,  p27  was  immunoprecipitated 
from  1  mg  of  cellular  lysate  using  the  C-19  (Santa  Cruz  Biotechnol¬ 
ogy,  Santa  Cruz,  CA).  Complexes  were  resolved  and  associated 
CRM1  was  detected  by  immunoblotting  with  polyclonal  CRM1 
antibodies  (kindly  provided  by  R.  Kehlenbach  and  L.  Gerace  or  by 
M.  Fornerod;  Fornerod  et  al,  1997;  Kehlenbach  et  at.,  1998).  p27  was 
detected  in  CRM1  immunoprecipitates  from  1  mg  of  cell  lysate 
using  the  Gerace  laboratory  anti-CRMl  antibody  for  immunopre- 
cipitation. 

Detection  of  p27 -Cyclin  El-Cdk2  Complexes 

To  test  the  effect  of  NES  mutation  on  the  association  of  p27  with 
cyclin  El-cdk2,  cells  were  transfected  with  either  YFPp27WT  or 
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YFPp27NES  and  cyclin  El  or  YFP  proteins  immunoprecipitated. 
Complexes  were  resolved  by  SDS-PAGE  and  immunoblotted  to 
detect  associated  proteins  (cyclin  El  or  p27). 

Subcellular  Fractionation  and  In  Vitro  Nuclear 
Export 

Cells  in  GO  and  early  G1  were  harvested  and  resuspended  in  300  /ml 
of  an  isotonic  transport  buffer  (20  mM  HEPES,  pH  7.3,  110  mM 
KAcetate,  5  mM  NaAcetate,  2  mM  MgAcetate,  1  mM  EGTA,  and  2 
mM  dithiothreitol)  containing  protease  inhibitors,  1  mM  NaV03, 
and  50  mM  NaF.  Digitonin  (20-30  /mg /ml  final  concentration)  was 
added  until  90%-95%  of  the  cells  exhibited  trypan  blue  staining. 
Cells  were  then  centrifuged  and  the  supernatant  (cytoplasmic  frac¬ 
tion)  was  recovered.  The  pellet  (nuclear  fraction)  was  washed  and 
resuspended  in  300  /ml  of  transport  buffer.  The  intact  nuclei  were 
then  used  for  nuclear  export  assays  or  for  immunoblotting.  To  assay 
nuclear  export  of  p27,  digitonin-permeabilized  cells  were  incubated 
with  fractionated  cytosolic  protein  (75  /mg),  an  ATP  regenerating 
system  (5  mM  ATP,  5  mM  creatine  phosphate,  and  20  U/ml  creatine 
phosphokinase),  and  2  mM  GTP  at  room  temperature  for  up  to  30 
min  (Adam  et  ah,  1992).  Nuclear  export  was  stopped  by  centrifuga¬ 
tion,  and  the  supernatant  was  removed.  p27  was  immunoprecipi¬ 
tated  from  both  nuclear  and  supernatant  fractions,  resolved  by 
SDS-PAGE,  and  nuclear  and  exported  p27  was  detected  by  immu¬ 
noblotting.  For  controls,  export  assays  were  conducted  at  4°C  and  in 
the  absence  of  cytosolic  proteins,  an  ATP  regenerating  system,  or 
both. 

For  detection  of  nuclear  p27  export  using  indirect  immunofluo¬ 
rescence,  cells  were  grown  on  glass  slides  and  permeabilized  by 
incubation  with  25  /mg /ml  digitonin  for  3  min  at  4°C.  The  cells  were 
washed  and  incubated  with  cytosolic  proteins  (2.5  mg/ml)  and  an 
ATP  regenerating  system  (as  above)  at  room  temperature  for  10,  20, 
and  30  min.  Nuclear  p27  was  detected  by  indirect  immunofluores¬ 
cence  and  fluorescence  intensity  quantified  using  laser  scanning 
software  (LSM  510;  Carl  Zeiss,  Jena,  Germany)  and  confocal  micros¬ 
copy. 

To  assay  the  expression  and  nuclear  export  of  green-yellow  flu- 
orescent-tagged  p27,  MCF-7  cells  were  grown  on  glass  slides  and 
were  transfected  with  wild-type  or  NES  YFPp27  vectors.  Export  of 
p27  from  digitonin-permeabilized  cells  was  as  above.  Nuclear  ex¬ 
port  of  p27  was  determined  by  measuring  the  decline  in  nuclear 
YFP  fluorescence  by  direct  photomicroscopy  using  a  digital  camera, 
and  fluorescence  intensity  was  quantified  using  Laser  Scanning 
Software  (LSM  510;  Carl  Zeiss). 

Heterokaryon  Assay 

Nucleocytoplasmic  shuttling  of  YFP-p27  and  GFP-p53  was  detected 
in  HeLa/NIH  3T3  cell  heterokaryons.  Hela  cells  were  grown  on 
glass  coverslips  in  Dulbecco's  MEM  (DMEM)  containing  10%  fetal 
calf  serum  and  was  transfected  using  Superfect  reagent  (Qiagen, 
Valencia,  CA)  according  to  the  manufacturer's  instructions.  Cells 
were  washed  four  times  with  DMEM  medium  12  h  after  transfec¬ 
tion,  and  NIH  3T3  cells  were  seeded.  Cells  were  treated  with  cyclo- 
heximide  (75  /mg /ml)  for  30  min  before  fusion.  Cell  fusion  was 
induced  by  the  addition  of  50%  (wt/vol)  polyethylenglycol  in 
DMEM  for  2  min  in  the  presence  of  50  /mg /ml  cycloheximide.  After 
washing  four  times  with  PBS,  cells  were  further  incubated  in 
DMEM  containing  50  /mg/ml  cycloheximide  for  2  h  to  allow  shut¬ 
tling.  To  the  indicated  samples,  LMB  (final  concentration  50  ng/ml) 
was  added  2  h  before  cell  fusion. 

After  washing  with  PBS,  cells  were  fixed  with  3.7%  formaldehyde 
in  PBS  (5  min  at  20°C,  10  min  at  4°C).  Cells  were  permeabilized  by 
treatment  with  0.1%  Triton  X  in  PBS  (4°C)  for  5  min.  After  washing 
in  PBS,  cells  were  incubated  with  PBS  supplemented  with  2%  bo¬ 
vine  serum  albumin  (BSA)  at  room  temperature  for  10  min.  Actin 
was  stained  with  100  /ml  of  Texas-red  phalloidin  (Sigma)  diluted 
1:2000  in  PBS/2%  BSA.  After  washing  with  PBS,  DNA  was  stained 


with  1%  Hoechst  33258  (Molecular  Probes,  Eugene,  OR)  diluted 
1:2000  in  PBS.  Coverslips  were  then  washed  and  mounted  on  glass 
slides. 

p27  Nuclear  Import 

Quiescent  MCF-7  cells  were  digitonin  permeabilized  and  incubated 
with  4  /mg/ /ml  (final  concentration)  cytosolic  proteins  and  an  ATP- 
regenerating  system  at  room  temperature.  His- tagged  p27  was 
added,  and  the  reactions  incubated  for  60  min.  Reactions  were 
stopped  by  centrifugation  and  were  separated  into  nuclear  and 
supernatant  fractions.  Where  indicated,  nuclei  were  preincubated 
with  LMB  (50  ng/ml),  N-acetyl-leu-leu-norleucinal  (LLnL;  2.5  /mM), 
or  wheat  germ  agglutinin  (WGA;  20  /mg/ml). 

Recombinant  Protein  Assays 

p2 7  was  immunoprecipitated  from  1  mg  of  cell  lysate  recovered  6  h 
after  estradiol  stimulation  of  quiescent  MCF-7  cells.  After  5  min 
incubation  at  95°C  to  denature  any  endogenous  p27-associated  pro¬ 
teins,  the  supernatant  containing  heat-stable  p27  was  incubated 
with  recombinant  CRM1  in  the  presence  or  absence  of  GTP-loaded 
Ran  or  GDP-loaded  Ran  for  20  min  at  4°C  (Askjaer  et  at,  1999).  p27 
was  immunoprecipitated  and  the  associated  proteins  were  sepa¬ 
rated  by  SDS-PAGE.  To  assess  if  p27-CRMl/Ran  complexes  could 
be  dissociated  in  vitro,  they  were  incubated  with  recombinant  Ran- 
GAP  and  RanBPl  for  30  min  at  30°C.  p27  immune  complexes  were 
then  centrifuged,  and  dissociation  of  CRM1  or  Ran  into  the  super¬ 
natant  was  assayed  by  immunoblotting  both  fractions.  Similar  ex¬ 
periments  were  conducted  using  cells  transfected  with  the  wild- 
type  and  mutant  YFPp27  constructs. 

Similar  experiments  were  carried  out  entirely  with  recombinant 
proteins.  Recombinant  His-tagged  p27  prepared  in  Escherichia  coli  or 
baculovirus-produced  cyclin  D1  proteins  were  mixed  with  recom¬ 
binant  CRM1  for  60  min  at  4°C  with  or  without  pretreatment  of 
CRM1  with  LMB  100  ng/ml  for  30  min.  p27  or  cyclin  D1  was 
immunoprecipitated,  complexes  were  resolved,  and  associated 
CRM1  was  detected  by  immunoblotting. 

To  test  the  effect  of  HIV-1  Rev  on  p27-CRMl  and  cyclin  D1-CRM1 
complexes,  the  HIV-1  Rev  NES  peptide,  NH2-CLPPELERLTL- 
COOH  (Kudo  et  al,  1998),  was  synthesized  and  purified  over  re¬ 
verse-phase  high-performance  liquid  chromatography  (HPLC)  on  a 
C8  column  and  was  verified  by  mass  spectrophotometry.  A  molar 
excess  of  peptide  was  preincubated  with  recombinant  CRM1  for  30 
min  at  4°C  before  the  addition  of  RanGTP  and  p27  or  cyclin  D1 
proteins  for  an  additional  60  min.  p27  or  cyclin  D1  immune  com¬ 
plexes  were  then  assayed  for  associated  CRM1  by  IP  blots. 

Microinjection  of  Nuclei  and  Assays  of  Nuclear 
Export  of  p27-NES-Peptide  Coupled  to  BSA 

Export  ligand  preparation  followed  published  procedures  (Mel¬ 
chior,  1998).  In  brief,  fatty  acid-free  BSA  (Boehringer  Mannheim, 
Indianapolis,  IN)  was  conjugated  with  FITC  isomer  I  (Molecular 
Probes)  and  was  purified  via  gel  filtration.  Peptides  containing  the 
putative  p27  nuclear  export  sequence  (CRNLFGPVDHEELTRDLE) 
were  coupled  to  FITC-BSA  via  their  N-terminal  cysteine  using  the 
cross-linker,  Sulfo-SMCC  (Pierce,  Rockford,  IL).  Microinjection  of 
FITC-BSA-NES  and  FITC-BSA  (0.1  mg  /ml)  into  nuclei  of  adherent 
HeLa  cells  was  performed  with  an  Eppendorf  Femtojet.  Cells  were 
kept  at  37°C,  and  photomicrographs  were  taken  at  different  times 
after  injection  using  an  inverted  fluorescence  microscope  (1X70; 
Olympus,  Melville,  NY)  and  a  back-illuminated  charged-coupled 
device  camera  (Princeton  Instruments,  Trenton,  NJ). 

RESULTS 

p27  Localization  Is  Cell  Cycle  Regulated 

p2 7  localization  was  assayed  at  intervals  across  the  cell  cycle 
in  synchronized  MCF-7  cells  (Cariou  et  al,  2000).  p27  levels 
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Figure  1.  p27  localization  and  CRM  1 -binding  are  cell  cycle  depen¬ 

dent.  Cell  cycle  entry  of  quiescent  MCF-7  cells  was  induced  by  the 
addition  of  17 0-estradiol  at  time  0.  Cells  were  assayed  at  intervals 
thereafter  for  p27  localization  (A)  or  for  protein  assays  and  cell  cycle 
profiles  (B).  (A)  MCF-7  cells  grown  on  glass  slides  were  arrested  in 
GO  by  estrogen  depletion.  After  stimulation  with  estradiol,  p27 
levels  (green)  and  BrdU  uptake  (red)  were  visualized  by  confocal 
fluorescence  microscopy  at  intervals  across  the  cell  cycle.  Cells 
negative  for  both  p27  and  BrdU  staining  were  evident  in  the  late  S 
phase/G2  population  (white  arrow).  These  unstained  cells  are  ap¬ 
parent  on  phase  contrast  imaging  of  the  same  field.  Control  cells 
stained  with  nonspecific  control  IgG  followed  by  FITC  and  Texas 
Red  conjugated  antibodies  are  shown  (IgG).  (B)  Transient  binding  of 
p27  to  CRM1  occurs  early  in  Gl.  p27  was  immunoprecipitated  at 
intervals  across  the  cell  cycle,  p27  complexes  were  resolved,  and 
immunoblots  were  probed  for  p27  and  CRM1.  The  same  cell  lysates 
were  immunoblotted  for  CRM1  and  Skp2.  The  cell  cycle  profile  at 
each  time  point  was  assayed  by  dual  propidium  iodide/ BrdU  la¬ 
beling  and  flow  cytometry. 


and  BrdU  uptake  were  monitored  by  indirect  immunofluo¬ 
rescence  labeling  and  confocal  microscopy.  Quiescent 
MCF-7  cells  exhibited  strong  nuclear  p27  expression  (Figure 
1A,  GO).  Nuclear  p27  intensity  fell  progressively  as  cells 
moved  through  Gl.  At  9  h  after  estradiol  addition,  late  Gl 
cells  showed  predominantly  nuclear  p27,  with  some  cells 
showing  both  cytoplasmic  and  nuclear  p27  localization. 
Twelve  hours  after  GO  release,  at  a  time  when  p27  is  known 
to  undergo  rapid  proteolysis  (Malek  et  al,  2001),  early  S 
phase  cells  exhibiting  both  nuclear  and  cytosolic  p27  were 
consistently  detected,  suggesting  either  delayed  import  or 
that  nuclear  p27  export  exceeds  import  (Figure  1A,  early  S). 
Because  new  p27  synthesis  is  dramatically  decreased  within 


hours  of  GO  exit  (Hengst  and  Reed,  1996;  Millard  et  al,  1997; 
S.  Cariou  and  J.M.  Slingerland,  unpublished  MCF-7  data), 
the  latter  may  be  more  likely.  During  S  phase  (t  =  16-22  h), 
p27  became  progressively  undetectable  in  cells  staining  pos¬ 
itive  for  BrdU  uptake.  In  late  S/early  G2  cell  populations, 
some  cells  were  negative  for  both  p27  staining  and  BrdU 
uptake  (Figure  1  A,  see  dual  negative  cell  indicated  by  white 
arrow).  Flow  cytometry  of  cells  at  each  time  point  in  Figure 
1A  is  shown  in  Figure  IB. 


p27-Bound  CRM1  Increases  during  Gl  Progression 

A  major  mechanism  of  nuclear  export  involves  binding  of 
the  export  cargo  protein  to  the  exportin  CRM1.  Cells  were 
synchronized  in  parallel  with  those  assayed  in  Figure  1A 
above.  Immunoprecipitation  of  cellular  p27  at  intervals  be¬ 
tween  GO  and  S  phase  revealed  an  association  between  p27 
and  CRM1  that  increased  during  Gl  as  p27  levels  decreased 
(Figure  IB).  p27  was  also  found  to  interact  with  Ran  in  early 
Gl  in  coimmunoprecipitation  experiments  (M.  Connor  and 
J.  Slingerland,  unpublished  results).  CRM1  levels  were  con¬ 
stant  across  the  cell  cycle.  Given  the  reduction  in  p27  in  the 
6-  to  12-h  time  points,  the  increase  in  p27-bound  CRM1  is 
dramatic  as  cells  move  through  Gl  toward  late  Gl/S.  The 
increase  in  levels  of  p27-bound  CRM1  is  temporally  associ¬ 
ated  with  the  activation  of  p27  proteolysis  demonstrated 
earlier  as  cells  move  from  GO  to  Gl  and  S  phase  (Pagano  et 
al.,  1995;  Hengst  and  Reed,  1996;  Malek  et  ah,  2001).  The 
onset  of  this  transient  binding  of  p27  to  CRM1  occurs  before 
the  increase  in  Skp2  protein  levels  observed  12  h  after  the 
addition  of  estradiol  (Figure  IB).  In  addition,  the  onset  of 
p27-CRMl  binding  occurs  before  activation  of  cyclin  E-Cdk2 
in  this  cell  line  (Cariou  et  ah,  2000). 


Nuclear  Export  of  p27  Is  Actively  Regulated 

The  cell  cycle-dependent  changes  in  localization  of  endoge¬ 
nous  p27  led  us  to  investigate  how  nuclear  export  of  p27  is 
regulated.  To  assay  nuclear  export  of  p27,  MCF-7  cells  were 
grown  on  glass  slides,  synchronized  in  quiescence,  and  re¬ 
leased  into  the  cell  cycle.  In  mid-Gl  (6  h  after  release  from 
quiescence),  cells  were  treated  with  digitonin  at  concentra¬ 
tions  that  selectively  permeabilize  the  cytoplasmic  mem¬ 
brane  and  leave  the  nuclear  membrane  intact.  Nuclear 
export  of  cellular  p27  was  detected  by  indirect  immunoflu¬ 
orescence  at  intervals  after  the  addition  of  ATP,  an  ATP- 
regenerating  system,  and  cytosolic  proteins  (Figure  2A).  A 
second  method  was  used  to  demonstrate  and  quantitate  p27 
export.  Nuclei  were  separated  from  cytosolic  proteins  by 
digitonin-permeabilization  of  cells  in  mid-Gl.  In  vitro  export 
of  nuclear  p27  was  assayed  by  immunoblotting  of  nuclear 
p27  and  p27  exported  into  the  supernatant  over  time  (Figure 
2B).  Passive  diffusion  of  p27  from  the  nuclei  was  not  ob¬ 
served  in  the  absence  of  ATP  or  at  4°C  in  either  of  these 
assays,  indicating  that  p27  export  is  actively  regulated  (Fig¬ 
ure  2,  A  and  B).  In  vitro  export  of  p27  from  GO  nuclei 
proceeded  at  a  rate  50%  slower  than  that  from  mid-Gl  nuclei 
(Figure  2B).  Thus,  as  cells  progress  from  GO  into  mid-Gl,  p27 
or  other  cofactors  may  be  modified  to  facilitate  nuclear 
export.  The  rate  of  p27  export  assayed  by  densitometric 
analysis  of  p27  blots  in  Figure  2B  was  similar  to  that  mea¬ 
sured  by  the  decay  in  nuclear  p27  fluorescence  quantitated 
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Figure  2.  Active  nuclear  export  of  p27.  (A)  Cells  were  grown  on 
glass  slides  and  synchronized  as  in  Figure  1.  Six  hours  after  induc¬ 
tion  of  cell  cycle  entry  by  17/3-estradiol  addition,  cells  were  digitonin 
permeabilized  and  subjected  to  export  assays,  fixed,  and  nuclear 
p27  visualized  by  indirect  immunofluorescence.  (B)  Cells  were  re¬ 
covered  in  either  mid-Gl  or  GO  and  nuclear  export  of  p27  after 
digitonin  permeabilization  assayed  as  described  in  "Materials  and 
Methods."  At  indicated  times,  reactions  were  stopped  by  centrifu¬ 
gation  and  p27  was  assayed  in  nuclei  (N)  and  supernatant  (S) 
fractions.  p27  export  was  minimal  after  30  min  in  the  absence  of 
ATP  (-ATP),  cytosol  (-CYT),  or  both  (-ATP/-CYT). 


by  confocal  microscopy  using  laser  scanning  software  (Carl 
Zeiss)  in  Figure  2A. 

p27  Interacts  with  CRM1  In  Vitro 

When  CRM1  binds  to  export  cargo  in  association  with  nu¬ 
clear  RanGTP,  cytoplasmic  dissociation  of  the  complex  is 
stimulated  by  GTP  hydrolysis.  To  test  the  specificity  of 
p27-CRMl  interactions,  formation  of  CRMl-Ran-p27  com¬ 
plexes  was  assayed  in  vitro.  p27  was  immunoprecipitated 
from  mid-Gl  cells,  boiled  to  dissociate  heat  labile  proteins, 
and  was  then  incubated  with  recombinant  CRM1  and  either 
GTP-loaded  Ran  (Figure  3A,  lane  1)  or  GDP-loaded  Ran 
(Figure  3A,  lane  2).  p27-CRMl-Ran  complexes  were  readily 
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Figure  3.  p27  binds  CRMI  in  vitro  and  LMB  does  not  impair 
p27-CRMl  binding.  (A)  p27  was  immunoprecipitated  from  cells  in 
early  G1  and  incubated  at  95°C  for  5  min  to  denature  heat  labile- 
associated  proteins.  Tire  supernatant  containing  p27  was  then  incu¬ 
bated  with  recombinant  CRMI  together  with  either  GTP-loaded 
Ran  (lane  1)  or  GDP-loaded  Ran  (lane  2)  for  30  min  at  4°C  followed 
by  immunoprecipitation  of  p27.  p27  antibody-bound  protein  A 
Sepharose  beads  did  not  show  any  nonspecific  interaction  with 
recombinant  Ran  or  CRMI  (lane  3).  (B)  CRMI  was  first  immuno¬ 
precipitated  from  cells  recovered  in  midGl  with  or  without  prior 
treatment  with  LMB  (IP  #1).  The  supernatant  was  recovered  and  p27 
was  then  immunoprecipitated  from  the  CRMl-depleted  lysates  (IP 
#2).  CRMI-  and  p27-bound  proteins  were  immunoblotted  for  CRMI 
and  p27.  Antibody  only  controls  are  shown  for  IP  #1  and  #2  (IgG). 

(C)  The  effect  of  LMB  on  binding  of  recombinant  CRMI  to  cellular 
p27  was  assayed  as  in  A.  Equal  amounts  of  heat  stable  p27  recov¬ 
ered  from  midGl  cells  were  reacted  with  recombinant  RanGTP  and 
CRMI  without  (lane  1)  or  with  (lane  2)  pretreatment  of  the  CRMI 
with  LMB.  p27  was  then  immunoprecipitated  and  complexes  were 
resolved  and  blotted  for  associated  CRMI.  One-tenth  of  the  input 
recombinant  CRMI  was  loaded  in  the  lane  on  the  right.  Equal 
amounts  of  p27  were  immunoprecipitated  in  each  lane  (not  shown). 

(D)  Recombinant  his-tagged  p27  (lanes  1  through  3)  or  flag-tagged 
T286-phosphorylated  cyclin  D1  (lanes  5  through  7)  were  incubated 
with  RanGTP  and  CRMI  either  without  (lanes  1  and  5)  or  with 
(lanes  2  and  6)  pretreatment  of  the  CRMI  with  LMB.  LMB  was  also 
added  to  the  reaction  mixture  after  complex  formation  (lanes  3 
and  7).  Antibody  control  lanes  are  also  shown  (lanes  4  and  8).  (E) 
CRMI  binding  assays  were  carried  out  as  in  D.  CRMI  was 
preincubated  with  a  peptide  corresponding  to  the  NES  of  the 
HIV-1  Rev  protein  (NES  peptide)  before  the  addition  of  p27  (lane 
2)  or  cyclin  D1  (lane  5). 
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Figure  4.  Both  LLnL  and  LMB  increase  nuclear  and  cytoplasmic 
p2 7  levels.  (A)  Mid-GI  cells  were  recovered  at  9  h  after  GO  release, 
with  or  without  6  h  of  LLnL  treatment  immediately  before  harvest¬ 
ing.  Lysates  were  immunoblotted  for  p2 7.  (B)  Cells  were  also  treated 
as  in  A  above  and  nuclear  (N)  and  cytoplasmic  (C)  fractions  immu¬ 
noblotted  for  p27.  Immunoblots  were  probed  for  the  nuclear  protein 
RCC1  to  verify  the  lack  of  leakage  of  nuclear  proteins  into  the 
cytoplasm.  (C  and  D)  At  6  h  after  GO  release,  cells  were  incubated 
either  with  or  without  LMB  for  an  additional  6  h  and  whole  cell 
lysates  (C)  or  nuclear  and  cytosolic  fractions  (D)  were  immuno¬ 
blotted  as  shown.  RCC1  probing  verified  adequacy  of  fractionation 
(not  shown). 


detected  in  the  presence  of  RanGTP,  but  were  significantly 
reduced  in  the  presence  of  RanGDP.  Nonspecific  binding  of 
CRM1  or  Ran  to  p27  antibody-bound  protein  A  beads  was 
not  evident  (Figure  3A,  lane  3).  p27  binding  to  CRM1  alone 
was  also  detected  and  p27-CRMl-RanGTP  complexes  disso¬ 
ciated  after  incubation  with  RanBPl  and  RanGAP  (M.  Con¬ 
nor  and  J.M.  Slingerland,  unpublished  results).  These  data 
support  the  specific  association  of  p27,  CRM1,  and  Ran 
complex  formation  in  early  G1  regulating  nuclear  export  of 
p27. 

LMB  Increases  p27  Levels  But  Does  Not  Disrupt 
p27-CRMl  Binding 

Treatment  of  cells  with  LMB  increased  p27  levels  (Figure  3B, 
right  panel  and  Figure  4C).  Densitometric  analysis  of  repeat 
experiments  showed  that  ~18%  of  total  cellular  p27  was 
detected  in  CRM1  complexes  at  9  h  after  release  from  GO. 
However,  LMB  treatment  did  not  appear  to  impair  endog¬ 
enous  cellular  p27-CRMl  interaction  (Figure  3B).  To  further 
explore  this  unexpected  result,  we  assayed  p27-CRMl  bind¬ 
ing  in  vitro  by  two  different  methods.  Pretreatment  of  re¬ 
combinant  CRM1  with  a  molar  excess  of  LMB  in  vitro  did 
not  impair  the  binding  of  CRM1  to  heat  stable  p27  isolated 
from  cells  in  mid-GI  (Figure  3C),  nor  did  it  impair  CRM1 
binding  to  Plis-tagged  recombinant  p27  protein  (Figure  3D, 
lane  1  versus  lane  2).  In  contrast,  CRM1  binding  to  cyclin  D1 
was  impaired  by  LMB.  CRM1  binding  to  cyclin  D1  was  as¬ 
sayed  using  flag-tagged  recombinant  cyclin  Dl,  phosphory- 
lated  at  T286  in  vitro  with  GSK-30  to  promote  binding  to 


CRM1  (Alt  et  al,  2001).  Cyclin  Dl-bound  CRM1  was  substan¬ 
tially  reduced  by  pretreatment  of  the  recombinant  CRM1  with 
LMB  (Figure  3D,  lane  5  versus  lane  6).  LMB  was  unable  to 
dissociate  CRMl-bound  p27  or  cyclin  Dl  when  it  was  added  to 
these  respective  complexes  subsequent  to  mixing  of  the  recom¬ 
binant  proteins  (Figure  3D,  lanes  3  and  7). 

HIV-1  Rev  NES  Peptide  Competes  with  CRM1 
Binding  to  Cyclin  Dl  But  Not  to  p27 

Active  nuclear  export  involves  binding  of  an  exportin  to  a 
NES  motif  on  the  export  substrate  (Mattaj  and  Engimeier, 
1998;  Gorlich  and  Kutay,  1999).  The  exportin,  CRM1  binds  to 
classical  NES-containing  proteins  via  an  LMB-sensitive  do¬ 
main.  The  failure  of  LMB  to  inhibit  CRM1  binding  to  p27 
both  in  vivo  and  in  vitro  raised  the  possibility  that  p27 
interacts  with  CRM1  in  a  novel  manner.  To  test  this,  we 
assayed  the  effect  of  prebinding  CRM1  to  the  classical  NES 
motif  of  the  HIV-1  Rev  protein  on  the  association  between 
p27  and  CRM1  and  between  cyclin  Dl  and  CRM1  in  vitro. 
CRM1  was  preincubated  with  a  10  amino  acid  peptide  cor¬ 
responding  to  the  HIV  Rev  NES  (NH2-CLPPLRLTL-COOH) 
for  30  min  before  the  addition  of  RanGTP  and  either  p27  or 
cyclin  Dl.  Preincubation  of  CRM1  with  the  HIV-1  Rev  NES 
peptide  did  not  reduce  the  amount  of  CRM1  that  bound  to 
p27  (Figure  3E,  lane  1  versus  lane  2).  In  contrast,  the  NES 
peptide  reduced  cyclin  D1/CRM1  interaction  (Figure  3E, 
lane  4  versus  lane  5). 

Proteasome  Inhibition  and  LMB  Increase  Detectable 
Cytoplasmic  p27 

Recent  reports  suggest  that  p27  degradation  is  complex  and 
may  involve  both  T187-dependent  and  -independent  proteo¬ 
lytic  mechanisms  (Sheaff  et  ah,  1997;  Malek  et  ah,  2001;  Ishida 
et  al,  2002).  If  even  a  portion  of  cellular  p27  undergoes 
nuclear  export  before  cytosolic  degradation,  proteasome  in¬ 
hibition  should  lead  to  accumulation  of  p27  within  the  cy¬ 
toplasm.  As  shown  previously  (Pagano  et  al,  1995),  protea¬ 
some  inhibitors  increased  p27  protein  levels  (Figure  4A). 
Nuclear-cytoplasmic  fractionation  confirmed  the  data  in  Fig¬ 
ure  1A  that  in  GO,  p27  is  almost  exclusively  nuclear  (Figure 
4B).  A  modest  reduction  of  p27  was  notable  by  9  h  after  GO 
release,  with  a  minor  amount  of  p27  in  the  cytoplasm.  LLnL 
treatment  in  mid-GI  led  to  increases  in  both  nuclear  and 
detectable  cytoplasmic  p27  levels.  The  nuclearrcytoplasmic 
ratios  of  p27  were  9.2:1  and  4.5:1  for  cells  in  mid-GI  in  the 
absence  or  presence  of  LLnL,  respectively.  Because  LLnL 
appears  not  to  delay  either  export  or  import  of  p27  (see 
below.  Figure  5),  these  data  are  consistent  with  degradation 
of  at  least  part  of  the  cellular  p27  pool  occurring  in  the 
cytoplasm. 

To  further  investigate  the  effect  of  LMB  on  p27  levels  and 
localization,  MCF-7  cells  were  released  from  quiescence  for 
either  12  or  6  h  followed  by  addition  of  200  ng/ml  LMB  for 
an  additional  6  h  and  nuclear  and  cytoplasmic  fractions 
were  isolated.  LMB  treatment  in  mid-GI  inhibited  the  re¬ 
duction  in  p27  levels  that  occurred  in  when  cells  progress 
into  early  S  phase  (Figure  4,  C  and  D).  Although  LMB 
caused  an  accumulation  of  p27,  it  did  not  sequester  p27 
exclusively  within  the  nucleus  (Figure  4D).  p27  levels  were 
increased  in  both  the  nucleus  and  in  the  cytoplasm,  exhib¬ 
iting  a  pattern  similar  to  that  observed  after  inhibition  of 
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Figure  5.  LMB  does  not  prevent  p27  nuclear  export  in  vitro  or  in 
vivo.  (A)  MCF-7  cells  were  transfected  with  YFPp27WT  and  ar¬ 
rested  in  quiescence.  Cells  were  digitonin  permeabilized  and  incu¬ 
bated  with  2.5  mg/ml  cytosolic  proteins  and  an  ATP  regenerating 
system.  Incubations  were  carried  out  for  the  indicated  times  at  room 
temperature.  Where  indicated,  cells  were  pretreated  with  LMB  or 
LLnL  to  assess  the  affects  of  these  drugs  on  p27  nuclear  export.  (B) 
The  decay  of  nuclear  p27  fluorescence  in  A  was  visualized  by  direct 
fluorescence  microscopy,  photographed  with  a  digital  camera, 
quantitated  using  Carl  Zeiss  laser  scanning  software  (LSM)  510,  and 
graphed  as  a  function  of  time.  (C)  Hela  cells  transfected  with  ex¬ 
pression  vectors  for  either  YFPp27  or  GFPp53  were  fused  to  non- 
transfected  NIH  3T3  cells  (white  arrow)  in  the  presence  or  absence 
of  LMB.  The  localization  of  either  YFPp27  or  GFPp53  (green)  was 
visualized  by  fluorescence  microscopy.  Cells  were  fixed  and  stained 
for  actin  (red).  Nuclei  were  visualized  by  staining  the  DNA  with 
Hoechst  33258  (black  and  white  panels).  (D)  p27  nuclear  import  was 
assessed  by  the  addition  of  his-tagged  p27  (His-p27)  to  digitonin- 
permeabilized  cells  in  the  presence  of  cytosolic  proteins  (4  \x%/ /ml)  and 
an  ATP  regenerating  system.  Reactions  were  centrifuged  and  nuclear 
(N)  and  supernatant  (S)  fractions  were  immunoblotted  for  p27.  Nuclei 
preincubated  with  200  /xg/ml  WGA  showed  no  import  of  p27. 


proteolysis  by  LLnL  (Figure  4B).  Immunoblotting  for  RCC1 
showed  no  escape  of  nuclear  protein  into  the  cytoplasmic 
fractions  (M.  Connor  and  J.M.  Slingerland,  unpublished  re¬ 
sults). 


LLnL  and  LMB  Do  Not  Prevent  Nuclear  Export  of 
p27  In  Vitro  or  In  Vivo 

In  the  context  of  Jab-1  overexpression,  LMB  has  been  shown 
to  inhibit  the  cytoplasmic  accumulation  of  p27  and  its  pro¬ 
teolysis  (Tomoda  et  at,  1999).  Theoretically,  the  detection  of 
cytoplasmic  p27  in  both  LLnL-  and  LMB-treated  cells  (Fig¬ 
ure  4,  B  and  D)  could  reflect  accelerated  p27  export,  im¬ 
paired  p27  import,  or  impaired  proteolysis  of  exported  pro¬ 
tein.  To  test  this,  the  effects  of  both  LMB  and  LLnL  on 
nuclear  p27  export  were  assayed  (Figures  5,  A-C).  MCF-7 
cells  were  grown  on  glass  slides  and  were  transfected  with 
a  vector  encoding  wild-type  p27  linked  to  a  yellow  fluores¬ 
cence  protein  (YFPp27WT).  Export  of  YFPp27WT  from  the 
nuclei  of  digitonin-permeabilized  cells  was  assayed  as  in 
Figure  2A.  A  progressive  reduction  in  nuclear  YFPp27WT 
>30  min  was  quantitated  by  fluorescence  confocal  microscopy 
using  scanning  laser  microscopy  software  (Figure  5B).  The 
addition  of  LMB  did  not  delay  YFPp27WT  nuclear  export. 
Similar  results  were  evident  when  export  was  assayed  in  the 
presence  of  LLnL  (Figure  5,  A  and  B).  Nuclear  export  assays  of 
endogenous  p27  using  the  same  method  as  in  Figure  2B  con¬ 
firmed  the  results  above,  with  no  inhibition  of  p27  nuclear 
export  evident  in  the  presence  of  either  LMB  or  LLnL  (M. 
Connor  and  J.M.  Slingerland,  unpublished  data).  Thus,  neither 
LMB  nor  LLnL  had  a  measurable  effect  on  the  rate  or  extent  of 
p27  nuclear  export. 

Because  LMB  did  not  prevent  p27-CRMl  interaction  in 
vivo  or  in  vitro,  and  LMB  did  not  inhibit  nuclear  export  of 
p27  in  vitro,  we  next  assayed  the  effect  of  LMB  on  nuclear 
to  cytoplasmic  shuttling  of  p27  in  vivo  in  heterokaryons. 
Heterokaryon  assays  were  conducted  in  which  Hela  cells, 
transfected  with  either  YFPp27WT  or  green  fluorescence 
protein  linked  p53  (GFPp53)  vectors,  were  fused  to  un¬ 
transfected  NIH  3T3  cells  (Figure  5C).  In  the  heterokary¬ 
ons,  the  consistent  appearance  of  YFPp27WT  in  the  NIH 
3T3  nucleus  (Figure  5C,  white  arrow)  indicated  that  the 
YFPp27  was  being  exported  from  the  Hela  cell  nucleus. 
Pretreatment  with  50  ng/ml  LMB  for  2  h  and  cyclohexi- 
mide  for  30  min  before  heterokaryon  fusion  had  no  effect 
on  p27  shuttling  (Figure  5C,  p27,  -LMB,  and  -fLMB).  All 
heterokaryons  showed  p27  shuttling  in  the  absence  of 
LMB,  and  95%  of  the  heterokaryons  pretreated  with  LMB 
displayed  p27  shuttling.  In  contrast,  as  shown  by  Stommel 
et  at  (1999),  the  export  of  GFPp53  from  the  Hela  cell 
nucleus  was  inhibited  by  LMB,  with  90%  of  the  hetero¬ 
karyons  showing  shuttling  without  LMB,  and  only  25% 
showing  shuttling  in  the  presence  of  LMB  (Figure  5C,  p53 
-LMB  versus  +LMB). 

Having  shown  that  neither  LLnL  nor  LMB  appears  to 
affect  p27  export,  the  cytoplasmic  accumulation  of  p27  after 
treatment  with  either  drug  could  reflect  impaired  p27  nu¬ 
clear  import.  Thus,  we  assayed  the  effect  of  these  drugs  on 
nuclear  import  of  p27.  After  a  60-min  incubation  with  4 
/ug//ud  cytosolic  proteins  and  an  ATP  regenerating  system, 
recombinant  His-p27  was  imported  into  the  nuclei  of  digi¬ 
tonin-permeabilized  cells  (Figure  5D,  60  min).  No  import 
occurred  at  4°C,  in  the  absence  of  ATP  and  cytosol  (M. 
Connor  and  J.M.  Slingerland,  unpublished  data),  or  in  the 
presence  of  WGA  (Figure  5D).  Neither  LMB  nor  LLnL  im¬ 
paired  His-p27  nuclear  import.  Thus,  LMB  and  LLnL  do  not 
impair  either  p27  import  or  export  as  measured  by  these 
assays,  and  the  appearance  of  cytoplasmic  p27  after  treat- 
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merit  with  these  drugs  is  consistent  with  delayed  degrada¬ 
tion  of  exported  protein. 

p27  Contains  an  Atypical  NES 

We  identified  a  putative  NES  within  the  Cdk-binding  do¬ 
main  of  p2 7  between  amino  acids  32  and  45  (Figure  6A) 
based  on  the  homology  of  leucine  spacing  to  a  cryptic  NES 
identified  in  the  equine  infectious  anemia  virus  (EIAV)  Rev 
protein  (Mancuso  et  al,  1998).  The  spacing  of  the  three 
leucines  in  this  region  of  p27  is  highly  conserved  between 
species. 

To  obtain  additional  evidence  that  amino  acids  32  through 
45  in  p27  comprise  a  functional  NES,  we  tested  its  ability  to 
mediate  nuclear  export  of  an  unrelated  protein.  For  this, 
peptides  containing  the  putative  p27  NES  (CRNLFGPVD- 
HEELTRDLE)  were  coupled  to  FITC-labeled  BSA  and  were 
microinjected  into  nuclei  of  adherent  HeLa  cells.  As  is 
shown  in  Figure  6B,  a  significant  fraction  of  p27NES-FITC- 
BSA  translocated  into  the  cytoplasm  within  45  min.  In  con¬ 
trast,  the  nuclear  localization  of  FITC-BSA  remained  un¬ 
changed.  Although  p27-NES  mediated  export  of  p27NES- 
FITC-BSA  is  not  very  efficient,  possibly  due  to  competing 
events  such  as  the  observed  accumulation  in  nuclear  speck¬ 
les,  or  due  to  rate-limiting  binding  partners,  these  findings 
support  the  interpretation  that  amino  acids  32  through  45  in 
p27  function  as  an  NES. 

Two  leucines  within  this  region  were  mutated  (L41A  and 
L45A)  and  effects  on  p27  export  were  examined.  MCF-7  cells 
were  transiently  transfected  with  vectors  encoding 
YFPp27WT  or  the  putative  NES  mutant  p27  linked  to  YFP 
(YFPp27NES),  and  nuclear  export  of  p27  from  digitonin- 
permeabilized  cells  was  quantitated  over  time.  Nuclear  ex¬ 
port  of  YFPp27NES  was  slower  than  that  of  YFPp27WT 
(Figure  6,  B  and  C).  The  export  kinetics  of  YFPp27WT  were 
similar  to  those  of  the  endogenous  p27  in  Figure  2. 

Mutation  of  S10  But  Not  of  T187  Affects  Nuclear 
Export  of  p27 

p2 7  contains  several  sites  whose  phosphorylation  could  in¬ 
fluence  its  nuclear  export.  Ishida  et  al  (2000)  recently  iden¬ 
tified  serine  10  (S10)  as  a  major  phosphorylation  site  in  GO 
arrested  cells.  Mutation  of  S10  to  alanine  strongly  inhibited 
p27  export  (Figure  6,  B  and  C),  suggesting  that  phosphory¬ 
lation  at  this  site  is  essential  for  nuclear  export  of  p27.  The 
nuclear  export  of  YFPp27S10D  was  similar  to  that  observed 
for  YFPp27WT  (M.  Connor  and  J.M.  Slingerland,  unpub¬ 
lished  results).  Because  p27  degradation  in  late  G1  involves 
its  phosphorylation  at  T187  by  cyclin  E-cdk  2,  nuclear  export 
of  YFPp27T187A  was  assayed.  The  mutation  of  T187  to 
alanine  had  no  effect  on  p27  export,  suggesting  that  phos¬ 
phorylation  at  this  site  is  not  necessary  for  p27  nuclear 
export  (Figure  6). 

p27-CRMl  Interaction  Is  Reduced  by  NES  and  S10A 
But  Not  by  T187A  Mutation 

In  vitro  binding  assays  were  conducted  to  test  whether  these 
p27  mutations  affect  p27-CRMl  interaction.  To  demonstrate 
the  linearity  of  the  p27-CRMl  binding  reaction,  increasing 
amounts  of  immunoprecipitated  YFPp27WT  (125-500  /xg) 
were  incubated  with  recombinant  CRM1  and  RanGTP,  both 
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Figure  6.  p27  nuclear  export  involves  a  nuclear  export  sequence. 

(A)  The  classical  and  nonclassical  NES  of  the  HIV-lRev  and  EIAV 
Rev  proteins  and  the  sequence  (amino  acids  32  through  45)  contain¬ 
ing  the  conserved  leucines  in  the  putative  p27  NES  from  different 
species  are  shown.  (B)  FITC-BSA  (right  panel)  or  FITC-BSA  coupled 
to  peptides  containing  the  putative  p27  NES  (two  left  panels)  was 
microinjected  into  the  nuclei  of  adherant  HeLa  cells.  Pictures  at  0 
and  45  min  after  injection  were  taken  with  identical  exposure  times. 
(C)  NES  mutation  delays  p27  export.  Cells  were  grown  on  glass 
slides  and  were  then  transfected  with  YFPp27WT,  YFPp27NES, 
YFPS10A,  or  YFPp27T187A.  Forty-eight  hours  after  transfection, 
cells  were  digitonin  permeabilized  and  p27  export  assayed.  Nuclear 
export  of  p27  was  visualized  directly  by  photomicroscopy  with  a 
digital  camera.  (D)  The  intensity  of  nuclear  p27  fluorescence  was 
quantitated  using  Carl  Zeiss  Laser  Scanning  Software  (LSM)  510 
and  graphed  as  a  percentage  of  the  maximum  intensity  measured  at 
t  =  0  min  for  each  p27  allele  product  (p27WT,  and  the  NES,  S10A, 
and  T187A  p27  mutants). 


in  molar  excess  of  p27  (Figure  7A).  p27-associated  CRM1 
increased  in  proportion  to  the  amount  of  input  p27  in  the 
reactions.  The  NES  mutant  p27  (L41A/L45A)  bound  44% 
less  CRM1  in  vitro  than  did  YFPp27WT  (Figure  7,  B  and  C). 
Thus,  the  reduction  in  p27  export  conferred  by  the  NES 
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Figure  7.  Effects  of  p27  NES  mutation  on  CRM1-  and  Cyclin  E- 
binding.  (A)  To  show  the  linearity  of  WT  p27-CRMl  binding  assays, 
increasing  amounts  of  heat-stable  YFP-p27  (125-500  /xg)  were  incu¬ 
bated  with  fixed  amounts  of  CRM1  and  RanGTP.  p27  was  immu- 
noprecipitated  and  immunoblots  probed  for  associated  CRM1.  (B) 
YFPp27  was  immunoprecipitated  from  300  /ug  of  lysate  from  cells 
transfected  with  WT,  NES,  S10A,  or  T187A  YFPp27,  released  from 
protein  A  beads  by  boiling  for  10  min,  and  incubated  with  recom¬ 
binant  CRM1  and  RanGTP.  p27-complexes  were  probed  for  CRM1 
and  p27.  CRM1  binding  was  corrected  for  differences  in  the  amount 
of  YFPp27  expressed  in  the  different  transfectants  and  graphed.  (C) 
Graphical  quantification  of  YFP-bound  CRM1.  Results  represent  the 
mean  ±  SEM  of  four  independent  experiments.  (D)  MCF-7  cells 
were  transfected  with  YFPp27WT  or  YFPp27NES  expression  vec¬ 
tors.  YFP  and  cyclin  E  immunoprecipitates  were  assayed  for  asso¬ 
ciated  cyclin  E,  Cdk  2,  or  p27  by  immunoblotting. 


mutation  (Figure  6)  is  associated  with  impaired  binding  to 
CRM1.  Mutation  of  S10  to  alanine  also  reduced  p27-CRMl 
binding  to  40%  that  of  p27WT.  The  T187A  mutation  of  p27 
did  not  affect  either  its  rate  of  nuclear  export  or  its  binding 
to  CRM1  (Figure  7,  B  and  C). 

Reduced  Export  of  the  p27NES  Mutant  Is  Not  Due 
to  Decreased  Cyclin  E-Cdk  2  Binding 

Because  the  p27  NES  resides  within  its  cyclin-binding  do¬ 
main,  the  increased  stability  of  p27NES  could  theoretically 
reflect  reduced  binding  to  cyclin  E-Cdk2  and  thus  reduced 
cyclin  E-Cdk2-Skp2-dependent  p27  proteolysis.  To  evaluate 
this,  MCF-7  cells  were  transfected  with  YFPp27WT  and 
YFPp27NES,  and  lysates  were  immunoprecipitated  with  ei¬ 
ther  YFP  or  cyclin  E  antibodies  and  associated  proteins  were 
detected  by  immunoblotting  (Figure  7D).  The  amount  of 
p27NES  bound  to  cyclin  E-Cdk2  was  similar  to  cyclin  E- 
bound  p27WT. 

p27NES  Shows  Delayed  Cytoplasmic  Accumulation 
after  Proteasome  Inhibition 

Cytoplasmic  p27  is  detected  when  proteasomal  degradation 
is  impaired  (Figure  4B).  We  reasoned  that  if  the  NES  muta¬ 
tions  delay  p27  export  in  vivo,  and  if  some  p27  undergoes 
cytoplasmic  degradation,  p27NES  should  show  a  reduced  or 


Time  (hours)  0  4  8  12  0  4  8  12 


Figure  8.  Effects  of  p27  mutation  on  localization  and  half-life.  (A) 
Cells  were  grown  on  glass  slides  and  transfected  with  either  WT, 
NES,  S10A,  or  S10D  YFPp27  vectors  for  16  h  and  then  treated  with 
the  proteasome  inhibitor  MG132  (+MG132)  or  without  (-MG132) 
for  an  additional  8  h  before  fixation  and  photomicroscopy.  (B)  Cells 
were  transfected  with  YFPp27WT  or  YFPp27NES  constructs  and 
cycloheximide  (100  jxg/ml)  was  added  at  48  h  posttransfection. 
Cells  were  harvested  4,  8,  and  12  h  after  cycloheximide  addition, 
and  p27  was  detected  by  immunoblotting  with  YFP-specific  anti¬ 
body.  The  decay  of  the  p27  signal  is  graphed  as  a  function  of  time 
postcycloheximide  addition.  Linear  regression  curves  were  fitted  to 
calculate  the  half-lives  of  each  of  the  mutant  p27  proteins  using  data 
from  repeat  experiments.  SE  bars  are  shown. 


delayed  appearance  in  the  cytoplasm  after  proteasome  inhi¬ 
bition.  YFPp27NES  and  YFPp27WT  were  transfected  into 
MCF-7  cells.  Newly  synthesized  p27  was  detected  exclu¬ 
sively  in  the  nuclei  in  >90%-95%  of  all  cell  populations 
between  16  and  24  h  posttransfection  (Figure  8 A,  -MG  132). 
The  proteasome  inhibitor,  MG132  (25  /xM),  was  added  to 
cells  at  16  h  posttransfection.  Direct  fluorescence  microscopy 
at  intervals  after  MG132  addition  showed  a  progressive 
cytoplasmic  accumulation  of  p27WT,  with  44%  of  cells 
showing  cytoplasmic  p27  by  8  h  after  MG132  addition  (Fig¬ 
ure  8A,  +  MG132).  YFPp27NES  showed  a  significant  delay 
in  redistribution  of  from  nucleus  to  cytoplasm  compared 
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with  that  of  p27WT,  with  only  18%  of  the  p27NES  trans¬ 
fected  cells  displaying  cytoplasmic  p27  at  the  same  8-h  time 
point.  S10A  mutation  severely  impaired  p27  export,  with 
only  7%  of  transfected  cells  exhibiting  cytoplasmic  p27  after 
8  h  of  MG  132.  In  contrast,  the  S10D  mutation  did  not  affect 
the  accumulation  of  cytoplasmic  p27  (Figure  8A). 

Delayed  Nuclear  Export  Is  Associated  with 
Increased  p27  Protein  Stability 

The  p27  protein  half-lives  (t1/2)  of  p27WT  and  p27NES  were 
compared  by  cycloheximide  chase  (Figure  8B).  At  48  h  post¬ 
transfection,  both  the  YFPp27WT  and  YFPp27NES  induced 
G0/G1  arrest  as  assayed  by  dual  BrdU/propidium  iodide 
staining  and  flow  cytometry  (M.  Connor  and  J.M.  Slinger- 
land,  unpublished  data).  Wild-type  p27  exhibited  a  t1/2  of 
5.7  h.  The  p27NES  mutant  was  over  twice  as  stable  as 
p27WT,  with  a  t1/2  of  11.7  h. 


DISCUSSION 

The  reduction  of  p27  levels  is  critical  for  cyclin  E-Cdk2 
activation  and  Gl-to-S  phase  progression.  As  cells  exit  GO, 
p27  synthesis  is  rapidly  reduced  (Hengst  and  Reed,  1996; 
Millard  et  al,  1997)  and  its  proteolysis  is  increased  (Pagano 
et  al,  1995).  The  half-life  of  p27  is  maximal  in  GO  and  is 
reduced  in  asynchronous  cells  (Pagano  et  al,  1995;  Hengst 
and  Reed,  1996).  Indeed,  in  G1  and  S  phase  cells,  the  p27 
half-life  is  reduced  fivefold  compared  with  that  in  quies¬ 
cence  (Malek  et  al,  2001).  Although  much  is  known  regard¬ 
ing  mechanisms  of  ubiquitin-dependent  SCFSKP2-mediated 
p27  proteolysis,  the  relationship  between  p27  localization 
and  its  degradation  has  been  unclear. 

Although  molecules  of  up  to  50  kDa  can  diffuse  freely 
through  nuclear  pores,  p27  is  largely  bound  to  multiprotein 
complexes.  The  present  data  suggests  that  both  p27  import 
into  and  export  from  the  nucleus  are  actively  regulated. 
Moreover,  we  provide  evidence  that  for  at  least  part  of  the 
nuclear  p27  pool,  CRMl-dependent  nuclear  export  may  pre¬ 
cede  degradation.  Detectable  p27  is  exclusively  nuclear  in 
GO  and  early  Gl,  with  transient  appearance  in  both  the 
nucleus  and  cytoplasm  as  cells  progress  through  Gl,  before 
its  disappearance  in  late  S  phase.  The  dramatic  increase  in 
CRMl-p27  binding  during  Gl  progression  and  the  transient 
appearance  of  cytosolic  p27  at  the  Gl/S  transition  suggested 
a  link  between  nuclear  export  of  p27  and  its  degradation. 
Furthermore,  proteasome  inhibition  in  Gl  led  to  the  appear¬ 
ance  of  cytoplasmic  p27  at  a  time  when  new  p27  synthesis  is 
minimal.  The  timing  of  cellular  p27-CRMl  interaction  and 
the  observation  that  p27  is  exported  more  rapidly  from  Gl 
nuclei  than  from  GO  nuclei  suggest  that  p27,  the  CRM  1 -ran 
export  machinery,  or  both  may  undergo  periodic  posttrans- 
lational  changes  to  facilitate  p27  export  in  early  Gl.  p27 
phosphorylation  appears  to  play  a  critical  role  in  this  pro¬ 
cess.  Not  only  does  p27  phosphorylation  differ  between  the 
nucleus  and  cytoplasm  (M.  Connor  and  J.M.  Slingerland, 
unpublished  data),  we  and  others  have  shown  that  the  phos¬ 
phorylation  status  of  serine  10  (S10)  critically  regulates  p27 
export  (Rodier  et  al,  2001;  Ishida  et  al,  2002;  Boehm  et  al, 
2002). 

CRM1  mediates  nuclear  export  by  binding  to  a  leucine- 
rich  NES  motif  in  the  export  substrate.  The  first  NES  iden¬ 


tified  was  that  of  the  HIV-1  Rev  protein,  and  a  classical  NES 
consensus  sequence  has  been  identified  based  on  a  con¬ 
served  clustering  of  leucine  residues  (Bogerd  et  al,  1996).  We 
propose  that  amino  acids  32  through  45  constitute  a  NES  for 
p27.  The  spacing  of  the  leucine  residues  in  this  putative  p27 
NES  is  identical  to  that  in  the  NES  of  the  EIAV  Rev  protein. 
This  EIAV  Rev  sequence  is  functionally  homologous  to  the 
NES  of  the  HIV-1  Rev  (Mancuso  et  al .,  1998).  Although  the 
leucines  in  the  EIAV  and  p27  NES  are  less  tightly  clustered 
than  those  in  the  HIV-1  Rev  NES,  their  spacing  is  completely 
conserved  in  the  p27  sequence  of  all  known  species.  When  a 
peptide  comprised  of  amino  acids  32  through  45  of  p27  was 
linked  to  FITC-tagged  BSA,  the  peptide  directed  export  of 
this  construct  to  the  cytoplasm.  The  ability  of  this  p27  pep¬ 
tide  to  direct  the  nuclear  export  of  a  heterologous  protein  is 
consistent  with  this  sequence  functioning  as  an  NES.  In 
control  experiments,  FITC-BSA  without  the  p27  NES  re¬ 
mained  nuclear. 

Mutations  converting  two  of  these  three  NES  leucines  to 
alanine  reduced  CRM1  binding,  impaired  export  in  vitro, 
and  prolonged  the  half-life  of  the  mutant  p27  protein.  More¬ 
over,  the  p27NES  mutant  showed  delayed  and  reduced 
accumulation  in  the  cytoplasm  after  proteasome  inhibition. 
However,  mutation  of  these  leucine  residues  did  not  affect 
p27  binding  to  cyclin  E-Cdk  2,  and  thus,  the  stability  of 
p27NES  cannot  be  attributed  to  impaired  cyclin  E-Cdk2- 
mediated  p27  degradation. 

Nuclear  export  of  the  p27NES  protein  was  impaired  but 
not  abolished.  This  may  reflect  the  incomplete  inhibition  of 
CRM1-NES  binding  by  these  two  leucine  mutations,  the 
involvement  of  other  motifs  on  p27  in  CRM1  binding,  or  the 
existence  of  another  non-CRMl -dependent  export  mecha¬ 
nism  for  p27. 

Surprisingly,  LMB  did  not  prevent  the  interaction  be¬ 
tween  p27  and  CRM1  in  vitro  or  in  vivo  in  LMB-treated 
cells.  In  addition,  LMB  did  not  inhibit  p27  nuclear  export 
from  digitonin-permeabilized  cells  nor  did  it  impair  p27 
export  in  vivo  in  heterokaryons.  In  contrast,  the  binding  of 
CRM1  to  cyclin  D1  (Alt  et  al.,  2001)  and  nuclear  export  of 
another  CRM1  cargo,  p53  (Stommel  et  al,  1999)  were  notably 
impaired  by  LMB  drug  concentrations  that  did  not  affect 
p27.  LMB  modifies  the  exportin  CRM1  at  C529  (Kudo  et  al, 
1999)  and  is  thought  to  inhibit  protein  export  by  impairing 
CRMl-substrate  NES  interaction.  The  lack  of  effect  of  LMB 
on  cellular  p27-CRMl  binding  and  on  p27  nuclear  export  are 
consistent  with  p27  binding  to  CRM1  at  sites  other  than  or  in 
addition  to  the  LMB-sensitive  motif  at  C529.  Our  observa¬ 
tion  that  classical  HIV1  Rev  NES  peptide,  which  reduced 
cyclin  D1/CRM1  interactions,  did  not  impair  p27  binding  to 
CRM1  in  vitro  suggests  that  p27  binds  to  a  site  distinct  from 
the  classical  NES-binding  motif  on  CRM1.  Transport  factors 
have  been  shown  to  bind  different  cargo  using  slightly  dif¬ 
ferent  binding  sites  (Conti  and  Kuriyan,  2000). 

The  effect  of  LMB  on  p27  export  may  be  modulated  by  the 
binding  of  other  proteins  to  the  p27-CRMl  complex.  The 
ability  of  LMB  to  interfere  with  CRM1  binding  to  Rev  can  be 
modulated  by  the  binding  of  other  proteins  (Askjaer  et  al, 
1998).  Recently,  Tomoda  et  al  (2002)  demonstrated  that  p27 
nuclear  export  was  LMB  sensitive  in  the  presence  of  over¬ 
expressed  p38Jabl.  When  the  p38jab1  NES  was  mutated,  ef¬ 
fectively  removing  the  protein  from  the  p27-CRMl  complex, 
p27  export  became  LMB  insensitive.  Thus,  the  formation  of 
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an  export-competent  p27-CRMl  complex  in  vivo  may  in¬ 
volve  other  proteins  that  modulate  the  sensitivity  of  p27 
nuclear  export  to  LMB.  This  process  may  show  important 
cell  type-  and  species-specific  differences  (Swanson  et  al, 
2000;  Rodier  et  al,  2001).  More  intensive  investigation  of  the 
specific  site(s)  of  CRMl-p27  interaction  and  of  the  composi¬ 
tion  of  p27-CRMl  complexes  is  warranted.  Nonetheless,  our 
data  raise  the  concern  that  LMB-insensitive  nuclear  export 
may  not  always  be  CRM1  independent. 

LMB  treatment  of  quiescent  cells  prevents  their  subse¬ 
quent  progression  through  G1  into  S  phase  (M.  Connor  and 
J.M.  Slingerland,  unpublished  data).  Because  p27  export 
from  GO  nuclei  is  less  efficient  than  from  nuclei  in  early  Gl, 
the  timing  of  LMB  addition  may  be  important  when  inter¬ 
preting  the  effects  of  LMB  on  p27  export.  Using  p27  immu¬ 
nofluorescence,  others  have  shown  that  LMB  blocks  the 
transient  cytoplasmic  accumulation  of  p27  that  occurs  when 
cells  are  released  from  quiescence  (Rodier  et  al,  2001;  Ishida 
et  al,  2002).  Since  treatment  with  LMB  in  quiescence  blocks 
GO  to  Gl  progression,  the  early  Gl  activation  of  p27  export 
would  be  compromised.  Thus,  the  lack  of  cytoplasmic  p27 
after  LMB  treatment  observed  by  others  may  reflect  failure 
to  exit  quiescence  and  be  an  indirect  effect  of  LMB  on  p27 
localization. 

Recent  data  using  T187A  knock-in  and  Skp2'/_  mice  sug¬ 
gest  that  more  than  one  mechanism  regulates  p27  proteoly¬ 
sis,  and  that  p27  proteolysis  is  T187  independent  in  early  Gl 
(Hara  et  al,  2001;  Malek  et  al.,  2001).  We  observed  that  the 
interaction  between  p27  and  CRM1  begins  at  a  time  in  the 
cell  cycle  when  both  Skp2  protein  levels  and  cyclin  E-Cdk2 
activities  are  low.  Furthermore,  neither  nuclear  export  of  p27 
nor  its  binding  to  CRM1  are  dependent  on  phosphorylation 
at  T187.  The  present  data  and  that  of  others  allow  the  allow¬ 
ing  model  of  two  distinct  mechanisms  regulating  p27  pro¬ 
teolysis.  Mitogen-dependent  phosphorylation  of  p27  in  ear- 
ly/mid-Gl  may  lead  to  a  reduction  in  p27-cyclin  E-Cdk2 
binding,  thereby  exposing  the  p27  NES  located  within  the 
cyclin-binding  domain.  This  would  facilitate  p27-CRMl  in¬ 
teraction  and  the  formation  of  an  export  competent  protein 
complex,  including  RanGTP.  Phosphorylation  at  serine  10 
(S10)  may  be  a  prerequisite  for  subsequent  events  that  me¬ 
diate  CRM1  binding  and  nuclear  export.  Both  our  own  data 
and  that  of  others  indicate  that  S10  phosphorylation  is  im¬ 
portant  for  CRM1  binding  and  is  required  for  p27  export 
(Rodier  et  al,  2001;  Ishida  et  al,  2002).  Binding  of  nucleopor- 
ins,  such  as  Nup50,  may  facilitate  translocation  of  p27  to  the 
cytoplasm  (Guan  et  al,  2000),  where  it  is  ubiquitylated  and 
degraded  (Hara  et  al,  2001).  This  early  phase  of  export- 
linked  p27  proteolysis  appears  to  precede  Skp2  up-regula- 
tion  and  cyclin  E-cdk2  activation  and  is  independent  of 
phosphorylation  on  T187  by  cyclin  E-Cdk  2,  consistent  with 
other  recent  reports  (Hara  et  al,  2001;  Malek  et  al,  2001; 
Ishida  et  al,  2002).  This  initial  mechanism  of  p27  degradation 
in  early  Gl  would  allow  an  incremental  activation  of  cyclin 
E-Cdk2.  This  would  be  followed  by  rapid  progressive  kinase 
activation,  as  activated  cyclinE-Cdk2  mediates  subsequent 
T187  phosphorylation-dependent  ubiquitylation  of  p27  by 
SCFSKP2  and  degradation  in  late  Gl  and  S  phase. 

If  an  initial  mechanism  of  titrating  down  p27  via  nuclear 
export-mediated  degradation  is  required  for  the  efficient 
activation  of  cyclin  E-Cdk2-dependent  p27  proteolysis,  in¬ 
terference  with  export-mediated  p27  proteolysis  could  sig¬ 


nificantly  alter  the  kinetics  of  Gl  to  S  phase  progression.  The 
relevance  of  the  subcellular  localization  of  p27  to  T187  phos¬ 
phorylation-dependent  proteolysis  remains  unclear.  How¬ 
ever,  it  has  been  reported  that  Xicl  ubiquitylation  occurs  in 
oocyte  nuclei  (Swanson  et  al,  2000)  and  that  nuclear  p27  in 
Rati  fibroblasts  is  efficiently  degraded  (Rodier  et  al,  2001). 
This  may  also  be  the  case  for  p27  in  epithelial  cells,  because 
both  nuclear  and  cytoplasmic  p27  levels  are  increased  after 
LLnL  treatment. 

There  appear  to  be  multiple  phosphorylation  sites  on  p27 
(Ishida  et  al,  2000;  Donovan  et  al,  2001)  whose  role  in 
regulating  p27  function  and  degradation  remain  unknown. 
Additional  work  is  necessary  to  elucidate  what  phosphory¬ 
lation  events  follow  that  of  S10  in  early  Gl  and  how  p27 
phosphorylation  may  regulate  its  nuclear  export.  Although 
we  estimate  that  —20%  of  cellular  p27  is  present  in  CRM1 
complexes  in  early  to  mid-Gl,  it  remains  unclear  what  pro¬ 
portion  of  the  total  cellular  p27  is  degraded  after  CRM1- 
mediated  export.  This  may  show  both  cell  type  variability 
and  change  during  malignant  tumor  progression  as  a  func¬ 
tion  of  checkpoint  losses  that  increase  cyclin  E-Cdk2  activity. 
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PKB/Akt  phosphorylates  p27,  impairs  nuclear  import  of  p27 
and  opposes  p27-mediated  G1  arrest 
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Mechanisms  linking  mitogenic  and  growth  inhibitory  cytokine  signaling  and  the  cell  cycle  have 
not  been  fully  elucidated  in  either  cancer  or  in  normal  cells.  Here  we  show  that  activation  of  pro¬ 
tein  kinase  B  (PKB)/Akt  contributes  to  resistance  to  antiproliferative  signals  and  breast  cancer 
progression  in  part  by  impairing  the  nuclear  import  and  action  of  p27.  Akt  transfection  caused 
cytoplasmic  p27  accumulation  and  resistance  to  cytokine-mediated  G1  arrest.  The  nuclear  local¬ 
ization  signal  of  p27  contains  an  Akt  consensus  site  at  threonine  157,  and  p27  phosphorylation 
by  Akt  impaired  its  nuclear  import  in  vitro.  Akt  phosphorylated  wild-type  p27  but  not  p27T157A. 
In  cells  transfected  with  constitutively  active  Akt™^730  (PKBDD),  p27WT  mislocalized  to  the  cy¬ 
toplasm,  but  p27T157A  was  nuclear.  In  cells  with  activated  Akt,  p27WT  failed  to  cause  G1  arrest, 
while  the  antiproliferative  effect  of  p27T157A  was  not  impaired.  Cytoplasmic  p27  was  seen  in 
41%  (52  of  128)  of  primary  human  breast  cancers  in  conjunction  with  Akt  activation  and  was 
correlated  with  a  poor  patient  prognosis.  Thus,  we  show  a  novel  mechanism  whereby  Akt  im¬ 
pairs  p27  function  that  is  associated  with  an  aggressive  phenotype  in  human  breast  cancer. 


Cell-cycle  deregulation  is  a  hallmark  of  cancer.  Loss  of  cytokine- 
mediated  G1  arrest  may  confer  an  advantage  during  malignant 
progression.  Resistance  to  the  antiproliferative  effects  of  trans¬ 
forming  growth  factor-p  (TGF-p)  often  occurs  despite  intact  TGF- 
P  signaling  and  such  cells  may  manifest  resistance  to  multiple 
inhibitory  cytokines,  suggesting  underlying  alterations  in  cell- 
cycle  controls ‘,2. 

Cyclin-dependent  kinases  (cdks)  are  regulated  by  cyclin  bind¬ 
ing,  phosphorylation  and  by  two  families  of  cdk  inhibitors3.  G1 
progression  is  governed  by  D-type  and  E-type  cyclin-cdk  com¬ 
plexes.  The  inhibitors  of  cdk4  (INK4)  family  includes  pl5lNK4B 
and  the  kinase  inhibitor  protein  (KIP)  family  comprises  p21ap1, 
p27Kipl  and  p57Kip2  (ref.  4).  In  addition  to  inhibition  of  cyclin  E- 
cdk2,  p21  and  p27  also  facilitate  assembly  and  activation  of  cy¬ 
clin  D-cdks  in  early  G1  (refs.  5,6). 

p27Klpl  was  first  identified  as  a  mediator  of  TGF-p  1 -induced  G1 
arrest79.  TGF-p  induces  expression  of  the  gene  encoding  pl5mRj>n. 
pl5,NK4B  binds  and  inhibits  cdk4  facilitating  dissociation  of  p27 
and  cyclin  D1  from  cyclin  Dl-cdk4-p27  complexes  and  p27 
binds  and  inhibits  cyclin  E-cdk2,  leading  to  G1  arrest1(M2.  p27 
also  mediates  G1  arrest  induced  by  IL-6  (ref.  13).  p27  is  a  nu¬ 
clear  protein  whose  frequent  deregulation  in  human  cancers 
may  confer  resistance  to  antiproliferative  signals.  In  cMyc  or 
MAPK  activated  cancer-derived  lines,  cyclin  Dl-cdk4/6  com¬ 
plexes  sequester  p27,  and  cyclin  E-cdk2-inhibition  is  im¬ 


paired14"16.  cMyc  inhibits  pl5  induction  by  TGF-p  (ref.  17)  and 
may  also  induce  a  factor  that  inactivates  p2718.  In  up  to  50%  of 
human  cancers,  reduced  p27  protein  is  associated  with  a  poor 
prognosis19.  In  some  tumors,  p27  is  mislocalized  to  the  cyto- 
plasm19,20,  however;  the  mechanism  and  significance  of  this  has 
not  been  elucidated. 

In  human  cancers,  constitutive  activation  of  phosphoinositol 
3'  kinase  (PI3K)  and  its  effector  PKB/Akt  arise  through  oncogenic 
receptor  tyrosine  kinase  activation,  Ras  activation,  mutational 
loss  of  PTEN,  or  through  activating  mutation  of  the  PI3K  effec¬ 
tor,  protein  kinase  B  (PKB)/Akt  (hereafter  termed  Akt)  itself21,22. 
Akt  can  increase  cyclin  D1  levels23  and  downregulate  p27  by  in¬ 
creasing  p27  proteolysis24  or  repressing  p27  expression  through 
Akt  phosphorylation  of  a  forkhead  transcription  factor25. 
However,  in  most  cancers,  reduced  p27  does  not  result  from 
transcriptional  silencing19. 

Here  we  show  that  Akt  causes  resistance  to  cytokine-mediated 
G1  arrest.  p27  phosphorylation  by  Akt  impairs  its  nuclear  import 
and  leads  to  cytoplasmic  p27  accumulation.  In  human  breast 
cancers,  cytoplasmic  mislocalization  of  p27  is  associated  with  Akt 
activation,  loss  of  differentiation  and  poor  patient  outcome. 

Activation  of  Akt  in  lines  resistant  to  G1  arrest  by  TGF-p 

Ras  has  been  shown  to  confer  TGF-p  resistance.  While  investigat¬ 
ing  mechanisms  of  TGF-p  resistance,  we  found  that  two  TGF-p 
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resistant  lines  showed  activation  of  the  Ras  effector, 
PI3K-Akt  pathway.  TGF-0  causes  G1  arrest  of  normal 
184  human  mammary  epithelial  cells  (HMECs)  and  of 
the  early  stage  melanoma  line,  WM35,  but  not  the  re¬ 
sistant  184A1L5*  or  advanced  melanoma-derived  line, 
WM239  (Fig.  1  a  and  b).  Resistant  lines  showed  in¬ 
creased  Akt  activation  (Akt-P)  (Fig.  lc  and  d).  Total  Akt 
was  similar  in  sensitive  and  resistant  HMECs.  Akt  levels 
were  somewhat  higher  in  WM239  than  WM35.  PTEN 
loss  contributed  to  Akt  activation  in  WM239  (Fig.  Id). 

The  increased  PI3K-Akt  activity  in  184A1L5*  and 
WM239  was  linked  to  their  TGF-p  resistance,  as  partial 
PI3K  inhibition  restored  TGF-P  responsiveness.  In 
184A1L5*,  low  concentrations  of  the  PI3K  inhibitor, 
LY294002  (10-12.5  p.M)  modestly  reduced  the  S  phase 
fraction  (%  S)  but  allowed  continued  proliferation, 
with  a  profile  similar  to  that  of  184  cells  (Fig.  2d). 
Although  TGF-p  alone  had  little  effect,  10  pM 
LY294002  together  with  TGF-p  caused  G1  arrest  of 
184A1L5R  (Fig.  2a).  In  TGF-p-resistant  WM239, 
LY294002  at  a  concentration  that  did  not  indepen¬ 
dently  inhibit  proliferation  led  to  G1  arrest  when  com¬ 
bined  with  TGF-p  (data  not  shown). 

Because  inhibition  of  cyclin  E-cdk2  by  p27  con¬ 
tributes  to  G1  arrest  by  TGF-p,  cyclin  El  complexes  were 
assayed  in  184AIL5R.  A  low  dose  of  LY294002  (10  pM) 
inhibited  Akt  activity  (Fig.  2b).  LY294002  did  not 
change  p27  protein  levels  in  HMECs  (Fig.  2b),  but  mod¬ 
estly  increased  cyclin  El-bound  p27  and  partly  inhib¬ 
ited  cyclin  El-cdk2  activity  (Fig.  2b).  TGF-p  and 
LY294002  together  increased  further  cyclin  El-bound 
p27  and  inhibited  cyclin  El-cdk2  causing  G1  arrest. 
Thus,  attenuation  of  P13K  activity  restored  cyclin  El- 
cdk2  inhibition  by  p27  and  G1  arrest  by  TGF-p. 

Akt  inhibits  responsiveness  to  antiproliferative  cytokines 

184  and  WM35  cells  were  transfected  with  a  constitutively 
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Fig.l  Constitutive  activation 
of  Akt  in  TGF-p-resistant  cell 
lines.  Proliferating  cells  were 
treated  without  (Asyn)  or  with 
TGF-p  for  48  h.  a  and  b,  Flow- 
cytometric  analysis  with  or 
without  TGF-p.  c  and  d, 
Immunoblots  of  activated  Akt 
(Akt-P)  and  total  Akt.  PTEN 
and  p-actin  were  also  blotted 
(shown  for  the  melanoma  cel! 
lines). 


Akt™*1*47™  (PKBnn)?/,‘?7  or  empty  vector  (E).  Transfectants  showed 
increased  Akt  protein  and  activity  (Fig.  2c).  PKBDD-transfected 
active  lines  were  resistant  to  G1  arrest  by  TGF-p  (shown  for  WM35PKRDD) 


LY294002(pM)  0  7.5  10  12.5 

184AU5* 


Fig.  2  PI3K  inhibition  restores  5  5  5  5 

TGF-p  response  in  resistant  cells  Akt  «^*»  *»**»»  Akt  4 

and  Akt  transfection  mediates 

TGF-p  resistance,  a  and  b,  Cyc  D1  **  mm  Cyc  01 

Asynchronous  cells  were  treated  p27  Mb  . .  mm  p27  t 

with  LY294002  alone  (□)  or  with  p  _  Akt 

TGF-p  (■)  for  24  h.  o.  Effects  on  GSK3-P  P  •»  ...  j®'  kinase 

the  %  S  phase,  b,  Effects  in 
1 84  A1 L5R  of  10  pM  LY294002 

with  or  without  TGF-p  on  Akt-P  levels,  Akt  kinase  activities,  cyclin  El  -associa¬ 
tion  with  p27  and  cyclin  E-cdk2  activities.  Lane  4  shows  the  antibody  only 
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by  western  blot  (Akt)  and  Akt  activity  confirmed  by  blotting  for  phosphory¬ 
lation  of  the  Akt  substrate,  GSK3-P  (GSK3-p-P)  or  by  Akt  kinase  assays  (Akt  ki¬ 
nase).  Levels  of  p27  and  cyclin  D1  are  shown,  d  and  e,  Flow  cytometric 
analysis  of  parental  and  transfected  cells  treated  with  (■)  or  without  (□) 
TGF-p  ( d)  and  without  (□)  or  with  (■)  IL-6  (e)  for  48  h. 
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Fig.  3  Cytoplasmic  mislocalization  of  p2 7  in  TGF- 
p-resistant,  Akt  activated  cells,  a,  Cellular  p27  de¬ 
tected  by  immunocytochemistry.  Cells  in  the  control 
panel  were  stained  with  isotopic  specific  polyclonal 
IgC  and  counterstained  with  hematoxylin. 
b ,  Cytosolic  (Q  and  nuclear  fractions  (N)  were  sepa¬ 
rated  and  endogenous  p27  immunoblotted.  c,  Cells 
were  transfected  with  YFPp27WT,  and  treated  with 
LY294002  or  U0126  where  indicated  and  observed 
by  direct  fluorescence  microscopy,  d,  Induced  ex¬ 
pression  of  constitutive^  active  MEKee  by  addition  of 
Muristerone  A  (+MA)  did  not  affect  the  nuclear  local¬ 
ization  of  YFPp27WT.  f,  Western  blot  confirms  MAPK 
activation  (MAPK-P)  following  MA  treatment, 
e,  Stable  cyclin  D1  overexpression  did  not  affect  YFP- 
p27WT  localization,  g,  Western  blot  shows  increased 
cyclin  D1  in  cyclin  D1  transfectants. 


(Fig.  2d).  Moreover,  PKBDD  transfection  also  conferred  resistance 
to  G1  arrest  by  IL-6  (Fig.  2e).  In  WM239,  transfection  of  PTEN  re¬ 
stored  TGF-P  sensitivity  (Fig.  2d). 

Akt  causes  cytoplasmic  mislocalization  of  p27 

Because  Akt  impairs  the  nuclear  localization  of  some  of  its  sub¬ 
strates2*,  we  assayed  if  Akt  activation  affected  p27  localization. 
Cellular  p27  was  predominantly  nuclear  in  184  HMEC. 
184A1L5R  and  184PKBDD  cells  showed  both  nuclear  and  cytoplas¬ 
mic  p27  (Fig.  3 a).  Increased  cytoplasmic  p27  in  WM239  and 
WM35rKUDD,  and  in  184A1L5R  and  184PKBDD  compared  with  WM35 
and  184,  respectively,  was  confirmed  by  immunoblotting  of 
fractionated  cell  lysates  (Fig.  3b). 
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Transfected  fluorescent-tagged  wild-type  p27  (YFPp27WT)  was 
exclusively  nuclear  in  most  184  and  WM35  cells  (Fig.  3c  and 
Supplementary  Table  A  online).  YFPp27WT-transfected  184A1L5R 
and  WM239  showed  increased  cytoplasmic  p27.  LY294002  re¬ 
stored  the  predominantly  nuclear  localization  of  YFPp27WT  in 
TGF-p-resistant  184A1L5R  and  WM239  cells  (Fig.  3c).  In  184I>lCBDD 
and  WM35ptamn,  transfected  YFPp27WT  showed  increased  cyto¬ 
plasmic  localization,  similar  to  that  in  184A1L5R  and  WM239. 

In  contrast  to  effects  of  LY294002,  treatment  of  WM239  cells 
with  the  MEK  inhibitor,  U0126,  did  not  result  in  redistribution 
of  p27  from  cytoplasm  to  nucleus.  Moreover,  in  two  indepen¬ 
dent  cell  lines,  inducible  overexpression  of  constitutively  acti¬ 
vated  MEK  (MEK1*)  and  MAPK  activation  did  not  cause 
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Fig.  4  p27  is  a  substrate  of  Akt  and  binds 

Akt  in  vivo,  a,  Akt  kinase  assays  using  either 
histone  H2B,  or  recombinant  wild-type 
p27  (p27WT)  as  substrates.  Control  reac¬ 
tions  using  normal  rabbit  IgC  (NR-IgG)  are 
shown  (right  lanes).  Akt  phosphorylated 
p27WT  but  not  p27T1 57A  in  in  vitro  kinase 
assays.  Input  p27  is  immunoblotted  in  the 
top  right  panel,  b,  Ser473-phosphorylated 
Akt  immunoprecipitates  were  resolved  and 
immunoblotted  to  show  Akt-P  and  associ¬ 
ated  endogenous  cellular  p27  (left  panel)  or  transfected  YFPp27WT  and  YFPp27T1 57A  (right 
panel),  c,  Cellular  p27  shows  reactivity  with  antibody  specific  for  the  phosphorylated  Akt  con¬ 
sensus  motif.  While  p27  levels  are  increased  by  LY294002,  reactivity  with  the  phospho-Akt 
substrate  antibody  (P-Akt  substrate)  is  diminished.  Lower  graph:  ■,  without  LY294002;  □, 
with  LY294002.  d,  WM239  cells  were  transfected  with  YFPp27WT  or  YFPp27T1 57A  and  then 
treated  with  or  without  LY294002  for  20  hours.  The  top  band  shows  Akt-P.  YFPp27  was  im¬ 
munoblotted  with  antibodies  to  P-Akt  substrate,  anti-p27T1 57-P  and  total  p27. 


P-Akt-Substrate 

p27T157-P 

YFP-p27 


cytoplasmic  mislocalization  of  p27  (Fig.  3d  and  f). 

Thus,  in  this  culture  model,  MAPK  activation  is 
neither  necessary  nor  sufficient  for  cytoplasmic 
mislocalization  of  p27.  As  both  Akt  and  MAPK  ac¬ 
tivation  can  increase  cyclin  D1  levels,  we  tested 
the  effect  of  cyclin  D1  transfection  on  p27  local¬ 
ization.  Cyclin  D1  overexpression  did  not  mediate 
cytoplasmic  localization  of  p27  (Fig.  3e  and,?). 

Akt  binds  and  phosphoryiates  cellular  p27wp1 
A  minimal  consensus  motif  has  been  defined  for 
Akt  (ref.  29).  p27  contains  a  putative  Akt  consen¬ 
sus  sequence  between  amino  acids  152  and  157 
(RKRPAT).  Immunoprecipitated  cellular  Akt  could 
phosphorylate  recombinant  p27  directly  in  vitro  as 
well  as  the  known  Akt  substrate,  histone  H2B. 
p27T157A,  generated  by  replacing  the  T157  with 
alanine,  was  much  less  efficiently  phosphorylated 
by  Akt  (Fig.  4 a).  Thus,  T157  is  identified  as  a  puta¬ 
tive  Akt  phosphorylation  site  in  p27.  The  inability 
of  Akt  to  phosphorylate  p27T157A  is  not  due  to 
loss  of  Akt  binding  as  both  endogenous  p27  and 
ectopically  expressed  p27WT  and  p27T157A  co¬ 
precipitated  with  activated  cellular  Akt-P  (Fig.  4 b). 

To  demonstrate  that  phosphorylation  of  p27  by 
Akt  can  occur  in  cells,  p27  immunoprecipitates 
from  asynchronous  and  LY294002-treated 
WM239  and  MCF-7  cells  were  immunoblotted 
with  a  phospho-spedfic  antibody  against  the  Akt 
phosphorylation  consensus  motif  (P-Akt  substrate 
antibody).  Immunoreactivity  with  this  antibody 
demonstrated  cellular  p27  phosphorylation  at  the 
Akt  consensus  motif  in  asynchronous  cells.  This 
was  inhibited  by  LY294002  (Fig.  4c). 

In  normal  184  HMECs,  Akt-P  is  minimal  in  GO  and  increases 
rapidly  when  cells  enter  early  G1  (data  not  shown).  Using  an  an¬ 
tibody  specific  for  T157-phosphorylated  p27  generated  by 
Viglietto  et  al,  we  showed  that  cellular  T157  phosphorylated 
p27  was  minimal  in  GO  and  the  relative  amount  of  T157  phos¬ 
phorylated  p27  over  total  p27  rose  by  1.8-fold  within  4  hours  of 
exit  from  quiescence  (data  not  shown).  Densitometric  analysis 
of  p27T157-P  and  total  p27  blots  showed  that  the  relative 
amount  of  T157  phosphorylated  over  total  p27  was  two-fold 
higher  in  proliferating  WM239  than  in  WM35  (data  not  shown). 
Thus,  activation  of  Akt  in  vivo  is  associated  with  increased  T157 
phosphorylation  of  p27  in  both  normal  HMECs  and  in  tumor- 
derived  cells. 

To  provide  further  evidence  for  p27  phosphorylation  by  Akt  in 
vivo,  WM239  cells  were  transfected  with  either  YFPp27WT  or 
YFPp27T157A  and  treated  with  20  pM  LY294002.  LY294002 
markedly  reduced  reactivity  of  YFPp27WT  with  the  antibody  to 
the  phosphorylated  Akt  consensus  motif  (P-Akt  substrate)  and 
the  p27T157-P  antibody.  p27T157A  showed  minimal  reactivity 
with  the  antibody  to  phosphorylated  Akt  substrate  and  none  to 
anti-p27T157-P  (Fig.  4d). 

p27T157A  is  nuclear  in  cells  with  constitutive  Akt 

T157  is  located  within  the  nuclear  localization  signal  (NLS)  of 
p2730'31.  Phosphorylation  of  the  NLS  regulates  nuclear  localiza¬ 
tion  of  many  proteins32.  To  assay  whether  the  potential  for  T157 
phosphorylation  might  influence  p27  localization,  WM35PKRm> 
cells  were  transfected  with  YFPp27WT,  YFPp27T157A  and 


YFPp27T157D  (Fig.  5 a  and  Supplementary  Table  B  online). 
While  approximately  30%  of  YFPp27WT  and  YFPp27T157D  ex¬ 
pressing  cells  showed  both  nuclear  and  cytoplasmic  p27, 
YFPp27T157A  was  nuclear. 

WM239  cells,  whose  Akt  is  constitutively  activated,  were  tran¬ 
siently  transfected  with  either  YFPp27WT  or  YFPp27T157A. 
Flow  cytometric  analysis  of  YFP  positive  cells  at  20  hours  post¬ 
transfection  revealed  that  the  cell-cycle  inhibitory  function  of 
p27WT  was  significantly  impaired,  while  p27T157A  retained  G1 
inhibitory  function  in  WM239  (Fig.  5b).  Equal  expression  of 
YFPp27WT  and  YFPp27T157A  was  demonstrated  (Fig.  4 d, 
lower).  In  contrast,  YFPp27WT  and  YFPp27T157A  both  caused 
G1  arrest  in  184  HMECs  and  WM35  cells  lacking  constitutive 
Akt  activation  (data  not  shown).  Thus  p27  phosphorylation  by 
Akt  impairs  its  G1  inhibitory  function. 

Phosphorylation  by  Akt  impairs  nuclear  import  of  p27 

p27  nuclear  import  was  assessed  by  the  incubation  of  His- 
tagged  p27  (His-p27)  with  digitonin  permeabilized  MCF-7  cells. 
Nuclei  and  supernatant  fractions  were  then  immunoblotted  for 
His-p27.  Prior  reaction  of  recombinant  His-p27WT  with  cellular 
Akt  kinase  impaired  nuclear  import  of  p27.  His-p27T157A 
showed  a  faster  rate  of  import  than  His-p27WT,  and  His- 
p27T157D  protein  showed  essentially  no  nuclear  import  above 
that  of  negative  controls  (reactions  carried  out  at  4  °C,  without 
ATP  or  in  the  presence  of  wheat  germ  agglutinin)  (Fig.  5c). 
These  data  suggest  that  cytoplasmic  p27  in  Akt  activated  cells 
results  from  impaired  p27  nuclear  import. 
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Cytoplasmic  p27  and  activated  Akt  in  human  breast  cancers 

p27  protein  levels  and  localization  were  reviewed  in  128  primary 
breast  cancers  previously  stained  for  p27  by  immunohistochem- 
istry33.  Levels  of  p27  were  scored  as  high  (>50%)  or  low  (<50%) 
tumor  nuclei  staining  as  previously  described33.  While  normal 
breast  ductal  epithelium  and  lymphocytes  and  a  majority  of  tu¬ 
mors  (Fig.  6 a)  showed  exclusively  nuclear  p27,  42%  (52/128)  of 
the  breast  cancers  showed  either  nuclear  and  cytoplasmic  or  pre¬ 
dominantly  cytoplasmic  p27  (Fig.  6b  and  c).  Of  cancers  with  re¬ 
duced  p27  levels,  44%  (31/70)  showed  cytoplasmic  p27,  while 
36%  (21/58)  of  tumors  with  high  p27  levels  showed  cytoplasmic 
p27.  p27  protein  levels  and  cytoplasmic  p27  mislocalization 
were  not  statistically  correlated  (chi  square  analysis,  P  =  0.3542). 

Cytoplasmic  p27  was  not  correlated  with  menopausal, 
nodal  or  ER/PR  status.  Tumors  with  high  levels  of  exclusively 
nuclear  p27  (N  only;  p27  >50%  nuclei  positive)  (Fig.  6a)  were 
almost  all  well  differentiated  or  of  low  grade,  whereas  tumors 
with  high  levels  of  p27  but  cytoplasmic  localization  (N+C;  p27 
>50%)  (Fig.  6b)  were  more  poorly  differentiated  ( P  <  0.001  on 
X 2  analysis)  (Supplementary  Table  C).  The  Kapian-Meier  curve 
in  Fig.  6 d  shows  the  influence  of  p27  localization  on  patient 
survival.  Fig.  6e  shows  that  for  each  level  of  p27  staining 
(high,  >50%  nuclei  positive  or  low,  £50%  nuclei  positive), 
when  p27  is  seen  in  the  cytoplasm  (N+C)  rather  than  in  the 
nucleus  alone  (N),  patient  survival  is  worse.  These  data  were 
statistically  significant  for  overall  survival  (P  ~  0.05,  Wilcoxon 
test)  (Fig.  6e)  and  for  disease-free  survival  (P  =  0.003,  data  not 
shown).  Patients  with  breast  cancers  with  high  levels  of  exclu¬ 
sively  nuclear  p27  (N  only;  p27  >50%)  had  the  best  outcome, 
whereas  the  worst  survival  was  seen  in  those  with  reduced  p27 
levels  and  detectable  cytoplasmic  p27  (N+C;  £50%,  P  =  0.02, 
Log-rank  test)  (Fig.  6 f). 

53  breast  cancers  were  stained  with  phospho-Akt  antibody 
(Fig.  6a-c,  right).  Normal  quiescent  breast  acini,  lymphocytes 
and  stroma  showed  no  Akt-P  staining.  None  of  23  tumors  with 
exclusively  nuclear  p27  showed  Akt  activation,  whereas  28/30 
tumors  with  cytoplasmic  p27  showed  phospho-Akt  reactivity. 
Detection  of  cytoplasmic  p27  in  human  breast  tumors  was 
highly  statistically  significantly  associated  with  Akt  activation 
(X2,P<  0.001). 


Discussion 

This  study  suggests  that  constitutive  activation  of  the  PI3K-Akt 
pathway  mediates  TGF-P  resistance.  TGF-p-  and  IL-6-sensitive 
cells  were  rendered  resistant  by  ectopic  Akt  activation.  Akt  activ¬ 
ity  was  increased  in  184A1L5R  and  WM239  cells.  Moreover, 
PTEN  transfection  into  WM239  cells,  and  inhibition  of  PI3K  by 
LY294002  in  TGF-p-resistant  cells  restored  p27  binding  and  inhi¬ 
bition  of  cydin  E-cdk2  and  G1  arrest  by  TGF-p. 

Whereas  PI3K  signaling  can  inhibit  p27  transcription  or  accel¬ 
erate  p27  degradation  in  different  cell  types,  we  show  that  Akt 
can  bind  p27  and  phosphorylate  T157.  Akt  phosphorylated 
p27WT  but  not  p27T157A  in  vitro.  Moreover,  the  reactivity  of 
cellular  and  transfected  p27  with  phospho-Akt  substrate  and 
p27T157-P  antibodies  was  strongly  reduced  by  Akt  inhibition 
following  LY294002  treatment.  The  p27T157A  showed  minimal 
reactivity  with  the  antibody  to  phosphorylated  Akt  substrate 
and  none  with  anti-p27T157-P.  Cellular  p27  phosphorylation  at 
T157  increased  in  normal  HMECs  in  assodation  with  Akt  activa¬ 
tion  as  cells  moved  from  GO  into  Gl.  Moreover,  T157  phospho¬ 
rylation  of  p27  was  two-fold  higher  in  PTEN-defident  WM239 
than  in  WM35  cells,  indicating  that  T157  of  p27  is  a  putative  Akt 
site  in  vivo. 

T157  lies  within  the  nuclear  localization  signal  of  p27  (NLS,  aa 
153-166)30,31.  Our  data  indicate  that  an  Akt-dependent  pathway 
regulates  p27  localization.  Although  the  T157A  mutation  may 
facilitate  p27  import  irrespective  of  PKB,  phosphorylation  at  this 
site  appears  to  inhibit  nuclear  import  of  p27.  Cells  with  acti¬ 
vated  Akt  showed  cytoplasmic  p27.  LY294002  treatment  or  ex¬ 
pression  of  p27T157A  in  cells  with  activated  Akt  restored  nuclear 
p27  localization.  Moreover,  AktT)r>  transfection  led  to  cytoplas¬ 
mic  mislocalization  of  p27.  p27  phosphorylation  by  Akt  im¬ 
paired  nuclear  p27  import  in  vitro.  Phosphorylation  within  or 
near  the  NLS  has  been  shown  to  inhibit  nuclear  import  of  other 
proteins32.  Thus,  as  for  other  Akt  substrates  p21,  and  some  fork- 
head  transcription  factors  (refs.  28,34),  in  cancers  the  constitu¬ 
tive  p27  phosphorylation  by  Akt  may  cause  a  relative 
cytoplasmic  sequestration  of  p27.  This  would  limit  the  p27  avail¬ 
able  to  bind  to  and  inhibit  cyclin  E-cdk2,  compromising  the  ar¬ 
rest  response  to  antiproliferative  factors  such  as  TGF-p  and  IL-6. 
In  contrast,  in  normal  HMECs,  T157  phosphorylation  of  p27  ac- 
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Fig.  5  T157  phosphorylation  impairs  nu¬ 

clear  import  of  p27.  a ,  p27  localization  fol¬ 
lowing  transfection  of  the  indicated  p27 
alleles  into  WM35  cells  expressing  PKBDD 
(WM35PKBDD).  b,  WM239  cells  were  tran¬ 
siently  transfected  with  YFPp27  alleles  and 
the  cell-cycle  profile  of  YFP-positive  cells 
analyzed  by  flow  cytometry.  □,  untrans¬ 
fected;  P,  wild-type;  ■,  T157A-trans- 
fected.  c,  p27  nuclear  import  was  assessed 
by  the  addition  of  His-tagged  p27  (His- 
p27)  to  digitonin  permeabilized  cells  for 
60  minutes  (60)  and  nuclear,  (N),  and  su¬ 
pernatant,  (S),  fractions  were  immunoblot- 
ted  for  p27.  Input  His-p27WT  is  shown  in 
the  left-most  lane  (t=0  minutes).  Pre-treat¬ 
ment  of  His-p27WT  with  cellular  Akt  (+Akt) 
impaired  p27  import.  Import  reactions  for 
His-p27T157A  (T157A)and  His-p27T157D 
(T157D)  are  shown.  Import  of  T1 57A  was 
abolished  by  addition  of  wheat  germ  ag¬ 
glutinin  (+  WGA). 
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Fig.  6  Cytoplasmic  mislocatization  of  p 27  in  primary  breast  cancers  is  associ¬ 
ated  with  Akt  activation  and  poor  patient  outcome,  ck,  Primary  human  breast 
cancers  were  immunostamed  for  p2 7  (left  panels).  The  same  tumors  were 
stained  for  phosphorylated  Akt  (right  panels)  and  counterstained  with  hema¬ 
toxylin.  a,  An  intermediate  grade  tumor  with  exclusively  nuclear  p27  staining  in 
>50%  of  tumor  nuclei  (N  only;  p27>50%  nuclei  positive)  shows  no  immunore- 
activity  for  phosphorylated  Akt.  b  and  c,  Moderately  and  poorly  differentiated 
cancers  showing  intense  (b)  and  reduced  (c)  staining  of  p27  in  both  nuclei  and 
cytoplasm  (N+C,  p27  >50%  nuclei  positive  and  N+C,  p27  £50%  nuclei  posi¬ 
tive,  respectively),  d,  Kaptan-Meier  overall  survival  curves  stratified  by  nuclear 
only  (green  line)  versus  nuclear  and  cytoplasmic  (purple  line)  p27  {?-  0.49). 
e,  Kaplan-Meier  curves  show  that  for  each  level  of  p27  staining  (p27  >50%  or 
£50%  tumor  nuclei  positive),  the  detection  of  cytoplasmic  p27  was  associated 
with  a  significantly  reduced  overall  survival  compared  with  that  of  the  nuclear 
only  group  (P=  0.05).  f,  The  best  prognostic  subgroup  of  breast  cancers  shows 
strong,  exclusively  nuclear  p27  (p27  >50%;  green  line),  whereas  cancers  with 
both  reduced  levels  and  cytoplasmic  mislocatization  of  p27  (p27  <50%;  red 
line)  have  the  lowest  survival  ( P  -  0.02). 
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companies  the  periodic  activation  of  Akt  and  may  regulate  nor¬ 
mal  p27  function  in  early  Gl.  It  is  noteworthy  that  the  PKB  con¬ 
sensus  sequence  in  p27  is  imperfect  and  shows  some  species 
variation.  While  PKB  may  phosphorylate  p27  at  this  site  in  hu¬ 
mans,  the  possibility  that  other  kinases  phosphorylate  T157  can¬ 
not  be  excluded. 

PKBDD  transfection  increased  cyclin  D1  levels  in  the  WMSS™*00 
but  not  in  184PCTnn,  but  p27  was  mislocalized  to  cytoplasm  in  both 
cell  types.  PKBDD  mediated  cytoplasmic  p27  mislocalization  does 
not  result  from  increased  cyclin  Dl,  since  cyclin  D1  overexpres¬ 
sion  did  not  cause  cytoplasmic  sequestration  of  p27  in  our  assays. 

Whereas  many  reports  have  shown  the  importance  of  acceler¬ 
ated  p27  proteolysis  causing  reduced  p27  in  human  cancer19, 
only  one  study  showed  an  effect  of  cytoplasmic  p27  on  outcome 
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in  esophageal  cancer20.  Patient  data  in  which  p27  loss  and  p27 
localization  are  analyzed  together  with  respect  to  disease  out¬ 
come  have  not  been  published  to  date.  Here,  we  demonstrate 
that  Akt-mediated  phosphorylation  of  p27  in  its  NLS  impairs  its 
nuclear  import  in  vitro  and  show  that  cytoplasmic  p27  localiza¬ 
tion  is  linked  to  Akt  activation  in  human  breast  cancer  in  vivo 
and  is  associated  with  reduced  patient  survival. 

Three  independent  reports  (including  this  study)  demonstrate 
cytoplasmic  p27  in  up  to  40%  of  primary  human  breast  cancers 
in  association  with  activated  Akt  (Viglietto  et  ah  and  Shin  et  al 
in  this  issue).  Serine  473-phosphorylated  Akt  was  not  detected  in 
normal  breast  epithelium  and  Akt-P  staining  showed  greater  in¬ 
tensity  in  invasive  than  in  non-invasive  tumor  areas  within  indi¬ 
vidual  breast  cancers  (unpublished  data).  Tumors  with  uniquely 
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nuclear  p27  localization  showed  no  Akt  activation. 

Although  Akt  can  inhibit  p27  gene  expression  by  targeting  the 
forkhead  transcription  factors25  and  loss  of  PTEN  may  lead  to  ac¬ 
celerated  p27  proteolysis24,  this  seems  to  be  cell-type  dependent 
and  may  require  additional  changes  in  signaling  pathways. 
LY294002  increased  p27  protein  in  the  melanoma  lines  but  not 
in  normal  HMECs.  In  HMECs  and  in  human  breast  cancers,  Akt 
activation  was  not  always  associated  with  p27  loss.  There  was  no 
statistical  correlation  between  cytoplasmic  p27  and  reduced  p27 
protein  in  primary  breast  cancers.  Approximately  the  same  pro¬ 
portion  of  tumors  with  high  and  low  p27  scores  showed  cyto¬ 
plasmic  p27.  One  possible  implication  of  this  is  that  the 
processes  leading  to  cytoplasmic  p27  mislocalization  and  accel¬ 
erated  p27  proteolysis  may  arise  independently  in  vivo  and  each 
may  contribute  to  tumor  progression. 

For  all  levels  of  p27  staining,  the  presence  of  p27  in  the  tumor- 
cell  cytoplasm  was  associated  with  reduced  differentiation  and 
lower  disease-free  survival  ( P  =  0.003)  and  overall  survival  ( P  = 
0.05).  These  data  have  implications  for  the  clinical  application 
of  p27  as  a  prognostic  factor.  Taking  into  account  the  presence 
or  absence  of  cytoplasmic  p27  may  add  to  the  prognostic  signifi¬ 
cance  of  reduced  p27  levels.  Larger  studies  will  be  needed  to  con¬ 
firm  this. 

Although  one  report  suggested  that  p21  phosphorylation  by 
Akt  leads  to  its  cytoplasmic  sequestration14,  two  other  groups 
confirmed  that  p21  is  a  Akt  substrate,  but  did  not  observe  cyto¬ 
plasmic  mislocalization  of  p21  upon  Akt  activation35  36.  p21  is 
expressed  more  sporadically  and  at  lower  levels  than  p27  in 
human  breast  cancers  and  previous  studies  have  shown  con¬ 
flicting  results  regarding  the  prognostic  potential  of  p21  (ref. 
37).  Although  mislocalization  of  both  p21  and  p27  could  theo¬ 
retically  cooperate  to  promote  tumor  progression  and  a  com¬ 
prehensive  study  of  p21  and  p27  levels  and  localization  would 
be  of  value,  p27  may  have  greater  potential  clinical  utility  in 
cancer  prognosis. 

Recent  reports  suggest  that  MAPK  activation  accelerates  p27 
proteolysis38-39.  This  study,  together  with  reports  from 
Viglietto  and  Arteaga,  suggest  that  constitutive  PI3K-Akt  acti¬ 
vation  contributes  to  oncogenesis  through  inhibition  of  nu¬ 
clear  p27  import  and  hence  its  cdk  inhibitory  function. 
Cytoplasmic  mislocalization  of  p27  worsens  the  prognosis  as¬ 
sociated  with  reduced  p27  levels  in  breast  cancer  supporting 
the  relevance  of  these  mechanisms  to  human  tumorigenesis. 
Although  some  tumors  show  evidence  of  both  accelerated  p27 
proteolysis  and  cytoplasmic  localization,  others  show  only 
one  or  the  other.  In  human  cancers,  mutational  activation  of 
Ras  and  loss  of  the  tumor  suppressor  PTEN  are  not  infre¬ 
quent21,22.  Overexpression  of  receptor  tyrosine  kinases  (RTKs), 
such  as  Her2,  can  also  activate  PI3K-Akt  in  human  breast  and 
other  cancers40.  As  both  PI3K  and  MAPK  are  downstream  of 
RTK-Ras,  it  will  be  of  interest  to  determine  what  additional 
pathways  direct  RTK  signaling  to  mediate  either  p27  proteoly¬ 
sis  or  cytoplasmic  mislocalization  in  some  breast  cancers, 
while  in  others  both  coexist. 

Akt  phosphorylates  proteins  involved  in  signal  transduction, 
apoptosis  and  gene  expression40,  and  increasing  evidence  sug¬ 
gests  that  this  pathway  contributes  importantly  to  cell-cycle  reg¬ 
ulation.  Although  this  pathway  affects  multiple  cell-cycle 
effectors,  including  cyclin  D  and  p21,  the  present  study,  to¬ 
gether  with  those  of  Arteaga  and  Viglietto,  define  a  novel  mech¬ 
anism  linking  Akt  activation  with  impaired  nuclear  p27  import 
and  p27  deregulation  in  human  cancer. 


Methods 

Cell  culture.  Finite  life  span  HMEC  strain  184  (ref.  41)  and  immortalized 
1  84AIL5r  (ref.  12),  MCF-7  cells42  and  WM35  and  WM239  lines43  were  cul¬ 
tured  as  described.  Cells  were  treated  with  10  ng/ml  TGF-p. 

Plasmids,  site-directed  mutagenesis  and  transfection.  The  retroviral 
pBABE  vector  or  pBABE  constructs  carrying  the  constitutively  activated, 
hemagglutinin  (HA)-tagged  pkbt308D/s473D  (PKB00)26,27  or  wild-type  PTEN 
were  transfected  as  described26.  Fluman  wild-type  p27  cDNA  (p27WT)  was 
inserted  into  the  pIND  vector.  T157  of  p27  was  replaced  with  alanine 
(p27T157A)  or  aspartic  acid  (p27T157D)  by  site-directed  mutagenesis 
using  a  QuickChange  site-directed  mutagenesis  kit  (Strategene,  Loyola, 
California).  The  WT  and  mutant  p27  cDNAs  were  then  subcloned  into 
pEYFP-CI  vector  (Clontech,  Palo  Alto,  California)  encoding  an  N-terminal 
yellow-green  variant  of  the  Aequorea  victoria  green  fluorescent  protein 
(YFP).  The  YFP-p27  vectors  were  transfected  using  LipofectAMINE/PLUS 
reagents  (Invitrogen,  Carlsbad,  California)  according  to  the  manufacturer's 
protocol.  Muristerone  A  (MA)  inducible  MEKEE  expression  was  achieved  in 
MCF-7  cells  using  the  2-plasmid  system  from  Invitrogen.  in  the  absence  of 
MA,  cells  showed  basal  MAPK  activity.  MA  increased  MAPK-P  in  2  different 
MEKEE  inducible  lines.  pRC-CMV-cyclin  D1  (provided  by  P.  Hinds)  was  trans¬ 
fected  into  MCF-7  cells  to  generate  cyclin  D1 -overexpressing  cell  lines. 

Intracellular  localization  of  p27.  HMECs  were  EGF-depleted  for  48  h  and 
endogenous  p27  detected  by  immunocytochemistry  as  described33. 
Nuclear  cytoplasmic  fractionation  was  carried  out  by  digitonin-permeabi- 
lization  as  described44.  Nuclei  were  isolated  by  centrifugation  and  the  su¬ 
pernatant  containing  the  cytosolic  fraction  collected.  Equal  cell  volumes  of 
nuclear  and  cytoplasmic  lysates  were  assayed  for  p27  by  immunoblotting. 
The  nuclear  protein,  RCC1,  was  blotted  as  a  fractionation  control.  YFP- 
tagged  p27  expression  was  detected  by  direct  fluorescence  microscopy  of 
transfected  cells.  Photographs  were  taken  at  x400  magnification  using  an 
Empix  digital  camera  and  'CoolSnap'  (Photomajics,  Pittsfield, 
Massachusetts)  software. 

Nuclear  import  assays.  Import  assays  were  carried  out  as  described44. 
MCF-7  cells  were  digitonin  permeabilized  and  isolated  nuclei  incubated 
with  cytosolic  proteins  (4  pg/pl),  an  ATP-regenerating  system  and  recombi¬ 
nant  his-tagged  WT,  T1 57A  or  T1 57D  p27  for  60  min  at  21  °C.  Nuclear  and 
supernatant  fractions  were  then  separated  by  centrifugation  and  im- 
munoblotted  for  His-p27.  Where  indicated,  His-p27WT  was  reacted  in  vitro 
with  cellular  Akt  before  import  assays.  Pre-incubation  with  wheat  germ  ag¬ 
glutinin  (200  pg/ml)  abolished  active  p27  import. 

Flow  cytometry.  Cells  were  pulse- labeled  with  1 0  pM  bromodeoxyuridine 
(BrdU),  stained  with  anti-BrdU-conjugated  FITC  (Becton  Dickinson, 
Mountain  View,  California)  and  propidium  iodide  and  cell-cycle  data  ac¬ 
quired  as  described12. 

Recombinant  protein,  affinity  purification  and  kinase  assays.  The 
p27WT,  p27T157A  and  p27T157D  cDNAs  were  subcloned  into  pET28a. 
Recombinant  His-p27  was  purified  on  nickel-agarose  beads.  An  antibody 
against  serine  473  (Ser473)  phosphorylated  Akt  (ref.  26)  was  used  to  assay 
Akt  activation  by  immunoblotting.  For  assays  of  Akt  activity,  Akt  was  im- 
munoprecipitated  from  1  mg  cell  lysates  and  reacted  with  GSK-3-a  as  sub¬ 
strate  using  an  Akt  kinase  kit  (New  England  Biolabs,  Beverly,  Massachusetts). 
Akt  kinase  assays  were  also  carried  out  using  either  5  pg  histone-H2B  or  10 
pg  recombinant  His-p27  as  substrates  as  described45.  Cyclin  El  -dependent 
kinase  activity  was  assayed  and  quantified  as  described9. 

Antibodies  and  Immunoblotting.  Antibodies  to  Akt,  GSK-3-p,  phospho- 
Akt,  phospho-GSK3-(3  (Thr21 )  were  obtained  from  New  England  Biolabs;  to 
p27  (C-1 9)  and  cdk2  from  Santa  Cruz  Biotechnology  (San  Cruz,  California); 
to  p27  (DCS72)  from  Neomarkers  (Fremont,  California);  to  p27  from 
Transduction  Labs  (Lexington,  Kentucky);  to  p-actin  from  Sigma  (Oakville, 
Ontario).  Cyclin  El  antibodies  (mAbs  El  2  and  El  72)  were  obtained  from  E. 
Harlow.  Antiphospho-Akt-substrate  antibody  was  from  New  England 
Biolabs.  The  antibody  specific  forTI  57-phosphorylated  p27  was  generated 
and  provided  by  G.  Viglietto.  Cells  were  lysed  in  ice-cold  NP-40  lysis  buffer 
and  immunoblotted  as  described12. 
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Patient  population  and  statistical  methods.  The  population  studied  was 
a  group  of  1 28  patients  who  underwent  surgery  for  non-metastatic  primary 
breast  cancer  between  1986  and  1992  at  the  Sunnybrook  Health  Sciences 
Center.  This  study  was  approved  by  the  Research  Ethics  Board  of  the  hospi¬ 
tal.  Kaplan-Meier  survival  and  disease  free  survival  curves  were  generated 
using  nuclear  p27  score  and  nuclear  versus  nuclear  and  cytoplasmic  p27  as 
strata.  Log-rank,  Wilcoxon  and  -2 log  (LR)  were  used  to  assess  significance. 
The  association  between  discrete  variables  was  tested  using  the  %2  test. 

Immunohistochemistry.  Paraffin  sections  of  tumor  blocks  were  stained  for 
p27  as  described33  using  monoclonal  p27  antibody  (Transduction  Labs, 
Lexington,  Kentucky)  diluted  1:1000  (0.25  pg/ml)  in  PBS  or  for  phospho- 
Akt  using  the  phospho-Akt  (Ser473)  antibody  (NEB)  diluted  1 :200.  Sections 
were  counterstained  with  hematoxylin.  The  degree  and  localization  of  p27 
staining  was  scored  independently  by  two  pathologists  (C.C.  and  J.Z.)  and 
J.M.S.  as  described33.  Tumors  showing  both  nuclear  and  cytoplasmic  or  ex¬ 
clusively  cytoplasmic  p27  in  at  least  35%  of  cells  were  scored  'N+C'. 
Tumors  with  exclusively  nuclear  p27  were  scored  as  nuclear  only  (N  only). 
Phospho-Akt  was  scored  by  j.Z.  and  J.M.S. 

Note:  Supplementary  information  is  available  on  the  Nature  Medicine  website. 
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